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ABSTRACT - Geohazards are often present in highly populated areas. Dynamic changes in
population exposure to geohazards have resulted from shifting population numbers, spatial
dispersion, and mobility. In addition, the changing vulnerability distribution of the population is a
crucial consideration when establishing an effective evacuation strategy. Therefore, exploring the
link between geohazards and population exposure is vital to avert disasters. This paper reviewed
geohazards around the world based on a dynamic population approach. It identifies and
synthesizes evidence of links between certain parts of the dynamic population and geohazard risk
management. The major search engine in this investigation was Google Scholar. “Geohazards”,
“dynamic population”, and keywords related to geohazards like landslides, floods, drought,
earthquake, and tsunami were used, followed by terms related to dynamic population. The review
shows that geohazards based on a dynamic population approach include socioeconomic status;
gender and gender relations; migration, residency, and mobility; education and knowledge; and
religions and beliefs. Understanding those elements is essential to managing geohazard risks
because it can assist the government in its financial commitment and allocation in the event of a
disaster, constructing effective policies and adaptation plans, and including communities in
managing geohazard risks.

Keywords: Geohazards, Dynamic population, Vulnerability, Adaptation, Risk management
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1. INTRODUCTION

Geohazards are geological, environmental, geomorphological, and anthropogenic
characteristics or actions that may endanger human life, property, or the environment (Dikshit et
al., 2021; Hidaayatullaah & Suprapto, 2022). Two main types of geohazards are natural hazards
(earthquakes, volcanic eruptions, floods, landslides, and tsunamis) and human-induced hazards
(land subsidence consequent to groundwater extraction, water contamination, and atmospheric
pollution) (Tomas & Li, 2017). Although geohazards as a topic are extensive due to the numerous
potential generators, earthquakes, landslides, floods, droughts, debris flows, and glacial lake
eruptions are the six most devastating geohazards (Dikshit et al., 2021). In many -cases,
geohazards can be triggered and result in disasters with little to no warnings, emphasizing the
significance of researching and monitoring the endangered areas for risk management objectives
(Pappalardo et al., 2021). Furthermore, some geohazards have high-frequency rates or return
periods, particularly large-scale geohazards that also have the potential to impact broader spatial
extents. Such geohazards pose higher risks that are difficult to manage are widely spread and pose
a higher risk; as a result, the risk is difficult to manage. It is critical and vital to examine
geohazard conditions, including their relationship to spatial patterns (the distribution of settlement
and socio-economic level) and human activities (Zhang et al., 2012).

Geohazards are often present in highly populated areas. The capacity to monitor
geohazards from many locations could be an essential tool for determining the degree of hazard
and, as a result, for predicting and preventing accidents and deaths (Prasetya et al., 2021). The
world's population has exploded in the last two centuries, reaching over 7 billion people in 2011.
The increased population has resulted in rapid urbanization and increased land occupation, as well
as increased demand for primary resources (water, food, electricity, building materials, etc.), as
well as increased anthropogenic impact on the environment (industries, traffic, wastes, pollution)
(Gutiérrez et al., 2014). Furthermore, due to the tremendous increase in air pollution emissions
caused by industrial and economic growth over the previous century, air quality has become a
global environmental issue. A growing amount of evidence implies that massive changes occur in
our environment, including changes in the atmosphere and temperature. These changes impact the
biosphere, human environment, and biodiversity, particularly global warming caused by human
activities. Mitigating and reversing the effects of these alterations are significant problems
(D'Amato et al., 2015; Suprapto et al., 2022). Human activities supporting industrial and
economic growth can also cause waste in the aquatic environment, such as heavy metal pollution
(Agarin et al., 2021; Asih et al., 2022; Nolos et al., 2022), increase in turbidity and pH of water
that is not suitable for daily needs (Zamroni et al., 2022). In addition, the development of coastal
cities will also cause a groundwater deficit and trigger seawater intrusion (Zamroni et al., 2021).
For instance, Deschénes and Greenstone (2011) found a statistically significant link between
mortality and daily temperatures, with frigid and hot days being linked to higher mortality rates.
Only a few studies document regional scale-to-global-scale effects, varying by climate zone,
temperature measures, and geographical area. River and coastal floods have also been thoroughly
examined in the future. However, these methodologies frequently overlook human vulnerability,
reporting the population potentially affected (e.g., individuals living in flooded areas) without
stating the fraction of people who could die. The lack of robust vulnerability models based on
observation-driven statistics makes estimating human consequences difficult (Forzieri et al.,
2017).
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Risk reduction and natural hazards research explains the relationship between demographics and
natural hazard risk management. Most articles, however, have emphasized cities in recent years,
focusing on links between rising settlements and hazard exposure following the global
urbanization trend. Despite the evident reality that urban and rural areas are vulnerable in different
ways, areas experiencing population decrease and shrinking are frequently overlooked (Clar,
2019). The changing vulnerability distribution of the population is a crucial consideration when
establishing an effective evacuation strategy. Many factors can influence population
susceptibility, including population density, age, race, health, and other related aspects.
Population density significantly impacts area vulnerability of all these factors, as more powerful
concentrations of people mean more difficult evacuation. An evacuation plan's dynamic
population density distribution should be given greater attention because it incorporates specific
population characteristics such as the elderly, children, and the unemployed (Zhang et al., 2013).
For evaluating and mapping communities' risk to geohazards, the calculation of social
vulnerability is essential, with population exposure being one of the most critical factors and pre-
assessment requisites. Although a quantitative assessment of geohazard risk is required to enable
spatial planning and local governments to provide population protection, more work has gone into
understanding geohazards than calculating possible impacts on people and infrastructure. As a
result, the first stage in geohazard preparedness is identifying and mapping population
concentrations (Freire et al., 2013). Dynamic changes in population exposure to geohazards
resulted from shifting population numbers, spatial dispersion, and mobility. Therefore, exploring
the link between geohazards and population exposure is crucial (Zhang et al., 2018). This paper
reviewed geohazards around the world based on a dynamic population approach. It identifies and
synthesizes evidence of links between certain parts of the dynamic population and geohazard risk
management. Specifically, this review paper aims to answer the following questions:

1. What elements of the dynamic population are linked to managing geohazard risks?

2. How are the links between certain parts of the dynamic population and geohazard risk

management?

2. RESEARCH METHOD

The major search engine in this investigation was Google Scholar (GS), which can provide
access to a recognizable corpus of academic literature and so is a better tool for the objectives of
this study than Scopus or Web of Science (WoS) (Nguyen et al., 2019). GS covers most subjects,
and the findings from Scopus and WoS are relatively similar (Harzing et al., 2016). The library
sector has done most of the research on GS as an educational information search tool. The search
engine was excellent for an institution, person, journal, or other scholarly communication
channels to access 100% of the online knowledge (Martin-Martin et al., 2017). GS indexes
individual academic articles from journals and conferences, academic publications, theses and
dissertations, abstracts, preprints, technical reports, and other scholarly material from various
fields. This search engine is also accessible through a university library, allowing scholars to link
to papers in GS using library resources. GS can link other articles that mention a specific theme,
connect readers to comparable publications, set up notifications to track publications for research
areas and preserve a personalized library of papers (Zientek et al., 2018). It is also a free service
for retrieving scholarly journals (Halevi et al., 2017). In addition, a thorough grasp of this case
study requires reviewing some initial research (Zamroni et al., 2020).
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This investigation also used the keywords technique. It is user-friendly and straightforward,
with reasonable retrieval precision, while semantically rich ontology solves the need for complete
text retrieval descriptions and improves retrieval precision. Text retrieval, web page retrieval,
summarization, text clustering, text mining, and other applications benefit from keyword
extraction. Choosing which document to read is simple to learn the relationship between texts by
extracting necessary keywords (Poulimenou et al., 2014). The main keywords represent an
article's title and indicate that piece's content. It can make finding related publications easier for
others, including scholars (Mohaghegh et al., 2018). "Geohazards," "dynamic population," and
keywords related to geohazards like landslides, floods, drought, earthquake, and tsunami were
used, followed by words related to dynamic population like demographic, socioeconomic,
residency, migration, mobility, gender, gender relations, knowledge, education, religion, and
beliefs. The kinds of literature used are only currently available (2011 to 2022). The authors
sought a thorough search of data using these keywords, considering all study aspects. To exclude
unnecessary records, publication titles, and abstracts were checked. Reading abstracts to
comprehend the main idea of the previous study has been conducted to select references. It is
essential to read the complete text to add more understanding (Suprapto et al., 2017).

4 First-level scoping of related literature: A
Keywords search: “Geohazards” and “dynamic
[ Systematic Approach ] population”
Platform: Google Scholar
N J
e N
Second-level scoping of related literature:
[ Systematic Approach ] Spatial dimension: (Global or any country)
Temporal: Years of publication (2011-2022)
- J
=N
Semi-systematic Approach Third-level scoping of related literature:
Five elements of the dynamic population

0

Synthesis and Conclusion
Relevant to research questions of a review related
literature

Figure 1. The methodological framework of the study

Figure 1 shows the methodological framework for this literature review, adopted from
Snyder (2019). A systematic review approach aims to synthesize and compare literature
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evidence. This step is focused on the keywords search "geohazards" and "dynamic population" in
the first-level scoping and the Spatio-temporal dimension in the second level.

Meanwhile, a semi-systematic review approach aims to overview the research area and
track development over time. In this step, the authors focus on five elements of the dynamic
population. The last stage is to conclude that it is relevant to research questions of review-related
literature.

3. FINDINGS
3.1 Geohazards based on a dynamic population approach

According to Clar (2019), the dynamic population discussion includes “socioeconomic
status; gender and gender relations; migration, residency, and mobility; education and knowledge;
and religions and beliefs”. These elements will be linked to the management of geohazard risks.

1. Socioeconomic status

Only two of the factors of vulnerability are society and the economy. Social vulnerability is
a complicated and dynamic concept that changes through time and geography, making it difficult
to represent with a single variable. It depicts the multidimensionality of catastrophes by
emphasizing the entirety of interactions in each social scenario, which, when combined with
environmental forces like geohazards, result in a disaster. The economic dimension of
vulnerability is the propensity for financial loss due to physical asset destruction and business
interruption (services, activities, or delivery of products). Another crucial factor to consider is the
relationship between economic and social components (Contreras et al., 2020). Socioeconomic
factors such as population characteristics, industrial structure, and spatial dispersion influenced
geohazards (Ding et al., 2020). There is no indication of a link between disaster effects, such as
the number of fatalities or the impacted population, and Gross Domestic Product (GDP) growth.
Nonetheless, it suggests that the extent of damage caused by a disaster will harm GDP growth. As
a result, it is critical to combine the number of injuries and fatalities with the financial loss caused
by a disaster (Contreras et al., 2020). Within the exposure index, land use and regional
development inequalities are compatible with the spatial characteristics of population density in
the presence of socioeconomic change. From the municipal and commercial building standpoint, a
high population density signifies a dynamic economy and accelerated urban growth, leading to
centralized disaster threats. As a result, regional vulnerability may increase. Hazards are not just a
natural process; they also impact the distribution of economic resources. Government support
becomes the principal source of resilience when a community's ability to cope with geohazards is
insufficient. In such cases, the government's financial investment and allocation will directly
impact the tenacity of personnel and assets regarding relief assistance, which might improve
authorities' emergency response capacity regarding public health care and expertise. As a result,
to meet a significant need for help, the amount of government funding available has become
extremely important (Gao et al., 2021). Geohazards frequently result in fatalities and significant
economic losses. Disaster risk reduction and societal resilience, and emergency response
capability are concerns that must be addressed. The rapid expansion of society has accelerated
environmental changes, which has increased the potential for natural disaster harm. As a result,
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academics are increasingly paying attention to social vulnerability (Miao & Ding, 2015).
Communities' socioeconomic situation should be one factor examined while evaluating disaster
management plans. Floods, for example, are inextricably tied to socioeconomic vulnerability.
Flood damage to structures is more common among high-income people than low-income people.
Lower-income people, on the other hand, have disproportionately higher death rates. Multiple
vulnerability studies show that marginalized people cannot protect themselves from floods, return
home or work after a flood, and access social safety nets before and after a disaster. Obtaining
flood insurance modulates adaptive capacity and sensitivity, while mandated flood insurance is
directly linked to exposure. Policy reforms to the national flood insurance program
disproportionately affect low-income and minority groups (i.e., vulnerable populations) and have
the potential to exacerbate pre-existing vulnerabilities (Frazier et al., 2020). In Bangladesh,
middle-income families were more likely to migrate due to their awareness of disaster hazards.
Although poorer village members migrate for income rather than safety, some from the unskilled
and the better educated seek opportunities abroad, such as in India (Penning-Rowsell et al., 2013).
However, several governments have given this subject significant thought. For example, Iran's
disaster management system has seen significant advancements recently. Several laws and
regulations have been passed at various levels, some of which are related to the socioeconomic
aspects of disaster risk reduction. For instance, "the national Constitution was approved in 1979
and revised ten years later (Government of Iran, 1979, 1989). Articles 29 and 31 refer to the right
to welfare and decent housing, respectively. These provisions refer implicitly to the government's
responsibility to assist the population when disasters damage housing and render people destitute.
Despite their importance to national life, the Constitution does not refer directly to disasters"
(Amini Hosseini et al., 2013).

As a result, the influence of human activities on regional geohazards must not be
overlooked. To continue rapid socioeconomic development in the future, it must adhere to a
development strategy that places equal emphasis on development and preservation. As feasible,
land development and use should avoid locations with a high risk of geohazards. Prohibited
development zones should be developed in areas that meet various combination characteristics to
safeguard the ecological environment, avoid increasing regional environmental deterioration, and
induce geological risks. Ecological restorations are also necessary for locations with a significant
danger of geological disasters to repair and rebuild regional ecosystem stability (Lin et al., 2021).
Furthermore, comprehensive stabilization is not possible. In that case, installing monitoring and
early warning systems in hazard zones, particularly for locations vulnerable to large-scale
instabilities or inhabited regions, could be a solution. It is critical to have a broad understanding of
the physical and socioeconomic circumstances of the target area while designing such systems.
The relevant laws, rules, and organizational arrangements for decreasing geohazard consequences
must also be addressed based on local socioeconomic situations, and appropriate risk reduction
strategies should be offered accordingly. The results of these efforts can be reflected in master,
comprehensive, and implementation plans that regional planners can employ in land-use planning
(Amini Hossein & Ghayamghamian, 2012). The management of geohazards requires
socioeconomic views. From a socioeconomic standpoint, the following factors can be considered
throughout the post-earthquake recovery and reconstruction process: (1) the earthquake-stricken
area's industrial and employment structures' compatibility and adaptation, and (2) the rate of
economic development in the earthquake-stricken area. The employment structure represents the
allocation and usage of regional labor resources, a significant determinant of macroeconomic
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development and growth (Liu et al., 2020).

2. Gender and gender relations

In the context of geohazards, gender, and vulnerability are crucial considerations. Natural
catastrophes affect men and women differently around the world. Men's and women's adaptable
capacity is governed by their access to capital assets and livelihood activities, and gender
influences disaster adaptation. Examples are physical disparities, gendered societal roles and
relationships, the domestic environment, and employment (Naz & Saqib, 2021). In this scenario,
gender may play a function similar to that played while dealing with hazards. Women appeared
more confident in recognizing the geohazards' local impact, like the broader tendency to be more
concerned about risk's negative implications (Gioia et al., 2021). However, there is a significant
gender disparity in fatality rates in catastrophe situations, with women at higher risk than men.
Physical injuries, hunger, infectious diseases, reproductive tract infections, miscarriage, extended
psychological stress, chronic weariness, and gender-based violence against women are all factors
that contribute to high rates of death and morbidity among women (Fatouros & Capetola, 2021).

On the one hand, several quantitative and qualitative research in risk perception revealed
that gender disparities in risk perception might differ among various risks. Males, for example,
maybe more concerned about health and safety hazards, physical aggression, and industrial
accidents. In contrast, females may be more concerned about environmental hazards, sexual
assault, overexertion injuries, and infectious infections. On the other hand, several studies have
consistently shown that females have higher risk perceptions than males in various environmental
and occupational risks (Kung & Chen, 2012).

Gender-based inequalities in time usage (concerning housework, employment, and care
activities), varied access to assets and credit, and limited access to policymaking venues can all
affect vulnerability to natural disasters (Strambo et al., 2021). According to previous studies,
women are far more vulnerable to disasters than men, and women are always regarded as the
worst victims, making them the most vulnerable group in society (Paul & Routray, 2011). The
gender and age of the household head are particularly linked to non-land loss during natural
disasters. Given that only 2% of household heads are female, the link between gender and
environmental risks may not be substantial. According to the findings, female-headed households
and homes with older heads have a more significant risk of experiencing loss than male-headed
households and households with younger leaders. This finding is consistent with prior research
showing that women in the Indian Sundarban are more exposed to the adverse effects of natural
disasters because they have fewer options for livelihood, earn lower earnings, and have less
control over their income and assets (Hajra et al., 2017). Women are disproportionately affected
by natural catastrophes in communities where "women and girls have less access to and control
over resources".

On the other hand, men are less likely to evacuate because they believe they can effectively
guard their homes, putting them at risk. This may also be true for women responsible for the
household and children, particularly in developing nations. In addition, there is a strong link
between the female gender and fragility, owing to the more significant percentage of females
living to be old. Females also have a more robust risk perception and readiness to act than males
(Werg et al., 2013). Female survivors also reported more anxieties and threats to their lives and
more financial loss than male survivors.
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According to the risk-as-feelings theory, the results could indicate the effect of the "early-
warning/experiential" system, which translated unclear and frightening components of the
environment into affective reactions. Survivors affected by earthquakes were more sensitive to the
risk of earthquakes and hence expressed increased sensitivity to earthquakes and their harmful
effects (Hidaayatullaah & Suprapto, 2022; Kung & Chen, 2012).

Women in developing nations like Bangladesh are frequently involved in occupations that rely
on natural resources. These jobs do not generate consistent and steady income. Inequitable rights
to and access to land, resources, and capital exacerbate this instability. These inequities and
marginalization are essential in differential access to resources that cause gender-based
vulnerability (Naz & Saqib, 2021). The intersection of gender and disaster is particularly evident
in Bangladesh, a country regularly dealing with gender difficulties and various natural disasters.
Bangladesh's unique geographic situation of extreme population densities overlaid on a low-lying
deltaic and coastal landscape interacts with the country's range of environmental and social
transitions: issues of democracy, rural-urban divides, poverty, government corruption, and gender
equality, as well as problems related to multi-hazard risk, looming effects of climate change, and
environmental justice, all of which predispose specific demographics to heightened levels of
vulnerability. As a result, the confluence of gender and natural disasters is a rich resource for
practical and academic study. It provides a space where these transformations coexist, producing
and revealing vulnerability (Juran & Trivedi, 2015).

3. Migration, residency, and mobility

Land abandonment and island nation loss, large-scale population movement, and sweeping
changes in cultural traditions are all possible human reactions to the current geohazard
circumstances that are already driving environmental change around the planet (Knight et al.,
2012). Population displacement is difficult to describe, whether permanent or temporary,
domestic or international, forced or voluntary. The reasons for migration vary widely, making it
difficult to pinpoint the core causes of population shifts (Mallick & Vogt, 2014). In a broader
sense, the five drivers of migration are concerned with the impact of environmental change on
human movement. Demographic, political, economic, social, and environmental forces are five
drivers that influence migration decisions. Employment possibilities and wage disparities between
locations are two economic factors. The number and structure of populations in source areas and
the incidence of diseases that affect mortality and morbidity are all demographic factors. Family
or cultural expectations, the hunt for educational options, and cultural rituals such as inheritance
or marriage are all examples of social drives. Exposure to geohazards and the availability of
ecosystem services are two environmental drivers of migration. These five drivers rarely operate
in isolation, and movement specifics are determined by their interaction. These drivers apply to
both international and domestic migration, emphasizing the importance of human agency in
migration decisions, particularly the interaction between family and household characteristics on
the one hand and movement barriers and facilitators on the other, in translating drivers into
actions (Islam et al., 2016). Female-headed families had more excellent migration rates than male-
headed households. According to educational background, there were also differences in rates,
with better-educated households sending family members to the next town for temporary shelter.
They explain this by saying that more educated people can better comprehend weather forecasts
(Penning-Rowsell et al., 2013). While seasonal migration is an adaptation technique in rural
regions, more extensive and planned migrations of entire cities necessitate far more resources
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which would exceed cities' and communities' capacities. As a result, the role of political and
administrative units in adaptation and funding must be addressed. Although migration and
relocation are divisive adaptation techniques that frequently cause conflict, the forecast for
climate change consequences, such as sea-level rise in the Mekong Delta, Vietnam, suggests that
planned movement may become unavoidable (Birkmann, 2011). Understanding mobility
characteristics is essential for developing policies and effective adaptation plans. People relocate
for several reasons: work, education, religion, and environmental concerns. There is no commonly
accepted definition for human movements triggered by climate-related dangers. It refers to
population mobility caused by abrupt or gradual changes in weather or climate, especially those
caused by geological disasters caused by extreme weather occurrences. The literature uses terms
like migration, displacement, and planned relocation (Tan et al., 2022). Each evacuee's coping
capacity must be considered. People with high mobility and adequate coping capacity can rescue
themselves by picking an appropriate shelter or following the proper evacuation route. Others
may perish as a result of the geohazards.

Furthermore, people's mobility is discovered to be significantly related to their age. The
elderly had poorer mobility and a negative perception of their health. Because people only
sometimes react immediately when they become aware of an emergency, a speedy emergency
response is typically determined by age. Because either communicating with neighbors to check a
scenario or bringing family members may impair evacuation efficiency, flight behavior is
considered. Decisions about which exit to use define evacuation routes and impact evacuation
efficiency (Zhang & Zhang, 2014). Transportation network closures during and after geohazard
occurrences can significantly impact citizens' mobility and access to essential services. Flooding,
for example, can damage the road network and restrict people's movement, including their ability
to obtain healthcare services. Other infrastructure failures, such as the collapse of a healthcare
facility's infrastructure (e.g., lack of water and electricity), can also play a role. As a result, having
a functioning infrastructure network following a geohazard incident is critical (Balomenos et al.,
2019).

One of the most challenging difficulties in geohazard-affected areas is population outflow.
Population exodus makes it harder to revitalize disaster-affected towns and local economies,
leading to a vicious cycle of more population outflow (Kawawaki, 2018). It is critical to have an
effective warning system for tsunami-prone areas to alert residents in vulnerable coastal areas to
evacuate to designated safe zones at higher elevations (Lin et al., 2014). Previous analyses of
population migration resulting from the Great East Japan Earthquake and Tsunami of 2011
captured the scale of population movement that crosses municipal boundaries; however, these
macro-level analyses lack information on migration factors such as why residents chose to
relocate, which is critical information for the development of recovery policy. On the other hand,
completing an individual data analysis is difficult due to the difficulty of organizing adequate
surveys that capture information from catastrophe victims who are dispersed over multiple
locations after the event. In some nations, such as Indonesia, the extent of tsunami destruction
boosted mobility rates in Sumatra across socioeconomic and demographic lines. Still, seismic
shocks and volcanic eruptions lowered migration rates and, in the long term, improved the
livelihood of local populations (Kawawaki, 2018). Another issue that may arise due to population
migration is the increase in construction activities (both residential and common-use
infrastructure), which may exacerbate geohazards such as landslides. One of the essential issues in
terms of water demand and drought effects in recent decades is the change in rainfall regime
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owing to cloud seeding, which may lead to increased precipitation. Unfortunately, the cloud
seeding strategy is solely focused on regional water shortages; yet, due to a lack of attention to
systematic studies that include landslide hazard evaluation, it may cause irreversible damages in
landslide-prone areas (Alimohammadlou et al., 2013).

To assist the millions of people who may be displaced, risk management measures are
required. Stakeholders should assist communities in geohazard-prone locations that leave their
original site, where geohazards occur regularly and are significant safety threats. They should help
with the transition to the new resettlement, which has a high-quality and comprehensive security
management system, including full coverage of electronic equipment and daily security patrols,
increasing safety (Pan et al., 2021). There are limits to accommodating such dangers, and
structural protective measures (such as levees) come with significant maintenance costs,
environmental damage, and increased development in risky areas (Hino et al., 2017). In addition,
proper land-use rules must also limit urban expansion in zones indicated as potentially vulnerable
by the catastrophe assessment research, which may put segments of the population in danger.
Additionally, government agencies must establish evacuation plans, post warning signs, and
provide clear instructions to the public. Property and business owners could be informed on
voluntary measures they can take to preserve their investments if they are in high-risk locations
(Pararas-Carayannis, 2021).

4. Education and knowledge

Risk communication relied heavily on public awareness and knowledge of geological
hazards (Pan, 2016). Education, especially for local communities around disaster areas, is
essential given by the relevant institutions (Rachmawati & Zamroni, 2020). Education programs
should be prioritized to encourage a shift in citizens' and authorities' perceptions of the threats
posed by significant geohazards and help realize the issues these hazards offer to society.
Disseminating geohazard information to appropriate governmental agencies and residents would
enable transparent decisions on what to build and how to build it, and were to lessen the
vulnerability of existing structures to future disasters (Plag, 2014). Furthermore, properly and
quickly transmitting and disseminating warnings and instructive information demands the mass
media's commitment and active engagement. Although tremendous success has been achieved in
integrating the media in such collaborative efforts, much more needs to be done to improve public
awareness of geohazards and maintain long-term civil preparation programs (Pararas-Carayannis,
2014). A unique understanding of geohazards may provide valuable information about people's
readiness to adopt preventive measures and identify the critical reasons for present disaster
management systems' poor performance levels. To fully comprehend and handle hazard risks, it is
vital to investigate the causes of such events by looking at the built environment's susceptibility
and how such causes are viewed (Roder et al., 2016).

Education levels are crucial indicators of citizens' income, quality of life, career prospects,
and other factors. Education accounts for 20% of the entire variation in social risk. A society's
average educational level can reveal its development potential. More education translates to a
better ability to respond to, cope with, and recover from natural disasters (Chen et al., 2013). It
means that the higher one's level of knowledge, the easier it is to comprehend and interpret early
warning and evacuation decisions (Ainuddin & Routray, 2012). Furthermore, lesser levels of
expertise may compromise the ability to understand warnings and gain access to recovery
information (Martins & Cabral, 2012). If 60% of the population has completed high school or
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higher, they may be more prepared to deal with earthquakes (Ainuddin & Routray, 2012). The
impact of educational level on the scientific explanation of what an earthquake was most
significant in Turkey. The highest level of education was linked to increased knowledge about
earthquake risk, followed by the home's location (Tekeli-Yesil et al., 2011). According to a study
conducted in Pakistan, populations with higher educational levels have a more remarkable ability
to return to their everyday lifestyles following an earthquake than communities with lower
academic levels. People's earthquake education is weak, and most respondents had no idea what
to do during and after an earthquake. Most people are still uninformed of the risks associated with
potential seismic hazards in the area due to a lack of awareness campaigns, resulting in low
community resilience (Ainuddin and Routray, 2012). Furthermore, research in Bangladesh found
that higher-educated households had sent family members to a safer location to take temporary
shelter in a disaster in their neighborhood. According to this study, the better one's educational
level, the greater one's capacity to interpret weather forecasts, save money, and store preventative
food, reducing disaster risk (Paul & Routray, 2011).

5. Religion and beliefs

Religious beliefs may influence how people react to geohazards and how they deal with
the repercussions. For example, if people perceive threats as "acts of God," it may be easier to
bear losses and more challenging to implement adequate preventive measures. However,
religiously based place connection influences risk management behavior far less (or not at all)
than economic or social factors (Clar, 2019). Religion strongly influences whether people will
prepare for disasters. According to a recent study, those with religious views are more likely to
qualify for calamities (Bian et al., 2021). Religious beliefs can influence how people perceive
disaster risk and how they react to disasters and recover. Studies on the role of religion in
disasters have increased in recent years, from a topic of relatively little scholarly interest.
According to studies on religion and disasters, religious beliefs can influence how people respond
to disasters, how they feel and interpret risk, and how they influence resilience and vulnerability
while meeting hazards and suffering disasters (Holmgaard, 2019). Natural disasters are viewed as
God's punishment in religious doctrines, particularly in Judaism, Christianity, and Islam. Because
of human sin, Islamic leaders frequently say that tragedy is God's punishment. They are referring
to a tale in the Holy Qur'an about a non-believer being punished by God through a natural
disaster. Many accounts in the Holy Qur'an claim that God punished humanity for rebelling
against Him. On the other hand, many verses in the Holy Qur'an advise people to make
emergency preparations. "O you who have believed, strive and endure and remain stationed and
dread Allah so you may be successful," says Qur'an (Ali Tmran) 3: 200. Qur'an (An'aam) 6:131
and (Al-Hasyr) 59:18 highlight another requirement for preparation. These passages can be
construed to mean that those in catastrophe-prone locations must be ready for disaster (Adiyoso &
Kanegae, 2015).

People in underdeveloped countries assess threats based on their cultural and religious
beliefs rather than current science. In Indonesia, the belief that God's punishment for human
crimes causes natural calamities persists (Adiyoso & Kanegae, 2012). Indonesia is a multicultural
and religiously diverse country. Religious and community leaders play critical roles in disaster
management in such situations. This is the situation in some parts of Indonesia, where religious or
community leaders are the most effective conduits for communication between government
scientists or disaster management and the general public. For example, communication has been
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more effective through local religious leaders during Sumatra's ongoing Sinabung volcanic crisis
However, communication through other community leaders was beneficial during recent
problems at the Merapi and Kelud volcanoes in Java (Andreastuti et al., 2017).

Furthermore, because Aceh is an Indonesian province that follows Islamic law,
understanding tsunamis will help determine the student's perception of tsunami tragedies. The
importance of religion in interpreting natural occurrences is demonstrated by many school
children's answers on the cause of tsunamis in schools. The concept that God's retribution causes
disasters should be carefully considered while designing disaster risk reduction materials in a
country where most Moslems live, such as Indonesia. However, if people are willing to take
sufficient precautions, such beliefs will have little impact on successful catastrophe risk reduction.
It is critical to build catastrophe knowledge based on religious ideas (Adiyoso & Kanegae, 2012).
As a result, religious teaching is one of the most successful ways to communicate a message. It
can be an effective risk communication method after and before a disaster (Adiyoso & Kanegae,
2015).

In November 2013, 21 bishops from Manila's Catholic ecclesiastical province wrote to the
president to express their opposition to the plans for additional reclamation of Manila Bay. The
letter lays out their case's scientific, legal, and moral arguments. First, the bishops mention two
consultant geologists who found that the Manila Bay Reclamation Project will bring geological
risks and raise the risk of storm surges and liquefaction during earthquakes in their project
analysis. Second, they oppose the idea on legal grounds, claiming that a Presidential Proclamation
prohibits commercial or residential usage of the Manila Bay area. Third, they claim that Manila
Bay is located inside the region of internationally significant wetlands, making it the state's
responsibility to protect it from sale or settlement. This synthesis of scientific, legal, and moral
foundations with religious teaching exemplifies an epistemic posture that accepts the
compatibility of these several modes of reasoning. The legitimate and transparent response of
religion to modern science, secular morality, and positive law already includes integrating these
grounds (S. Aduna, 2015).

3.2 Links between certain parts of the dynamic population and geohazard risk
management

The elements of the dynamic population are essential to the management of geohazard risks.
Data on community socioeconomic situations will be critical since it is linked to government help
as the primary source of resilience when a community's ability to cope with geohazards is
inadequate. The government's financial commitment and allocation will directly impact the
tenacity of relief workers and assets, potentially improving authorities' emergency response
capabilities in public health care and expertise. As a result, the quantity of government financing
available has become vital to addressing a substantial need for assistance. Furthermore, because
marginalized people are less able to protect themselves from geohazards, return home or work
after a disaster, and access social safety nets before and after a disaster, the socioeconomic
situation of communities should be one of the factors examined when evaluating disaster
management plans. Understanding mobility characteristics is critical for designing effective
policies and adaptation plans. People move for various reasons, including work, education,
religion, and environmental concerns. The ability of each evacuee to cope must be considered.
People with good mobility and coping skills can save themselves by finding a suitable shelter or
following the proper evacuation route. As a result of the geohazards, others may perish.
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Communities in geohazard-prone areas should be assisted in abandoning their original
location, where geohazards occur frequently and everyday safety dangers are considerable. They
should help transfer to the new resettlement, which has a high-quality and comprehensive security
management system, including full coverage of electronic equipment and daily security patrols,
resulting in increased safety. Because it creates a space where these transitions coexist, producing
and disclosing the vulnerability, the intersection of gender and geohazards is a rich resource for
practical and academic study. Men's and women's adaptable capacity is governed by their access
to capital assets and livelihood activities, and gender influences disaster adaptation. Examples
include physical differences, gendered societal roles and connections, employment, and the
domestic environment. Levels of education are essential indications of residents' income, quality
of life, employment opportunities, and other things. The average educational level of society
might reflect its potential for progress. More education means better preparedness to respond to,
cope with and recover from natural disasters. It indicates that the more knowledge one has, the
easier it is to understand and interpret early warning and evacuation decisions. Lastly, religious
beliefs can influence how people respond to catastrophes, how they experience and understand
risk, and how religious beliefs exploit resilience and vulnerability when confronted with hazards
and disasters. Therefore, religious or community leaders are the most effective conduits for
communication between government, scientists, and the general public.

4. CONCLUSIONS

The review shows that geohazards based on a dynamic population approach include
socioeconomic status, migration, residency, and mobility; gender and gender relations; education
and knowledge; and religions and beliefs. The economic dimension of vulnerability is the
propensity for financial loss due to physical asset destruction and business interruption such as
services, activities, or product delivery. In contrast, social vulnerability is a complicated and
dynamic concept that changes over time and space, making it difficult to represent with a single
variable. In a larger sense, the five drivers of migration are concerned with the impact of
environmental change on human movement. Five drivers influencing migration decisions are
identified: demographic, political, economic, social, and environmental variables. Men's and
women's adaptable capacity is governed by their access to capital assets and livelihood activities,
and gender influences disaster adaptation. Examples are physical differences, gendered societal
roles and connections, employment, and the domestic environment. Levels of education are
essential indications of residents' income, quality of life, employment opportunities, and other
things. The average educational level of society might reflect its potential for progress. More
education means better preparedness to respond to, cope, and recover from natural disasters.

Moreover, religious views can have an impact on how people perceive catastrophe risk, as
well as how they respond to and recover from disasters. The management of geohazard risks
requires an understanding of those factors. Understanding those factors has several advantages,
including

1. assisting the government in its financial commitment and allocation in the event of a
disaster,

2. assisting in the construction of effective policies and adaptation plans, and

3. including communities in the management of geohazard risks.
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ABSTRACT

A new database of tsunamis, seismic seiches and undetermined waves (collectively called lake
waves) that occurred on New Zealand lakes betweenl1846-2022 has been compiled and
summarized. Based on an extensive literature review, photographic and field evidence, the
investigation is the first to collate such information on a national scale. It increases the knowledge
of a poorly understood natural hazard that has occurred throughout the country and provides a basis
for further research.

Seventy-four lake waves were recorded, implying a much higher occurrence frequency than
previously considered. Apart from meteorite impact, lake waves have been generated by all
known mechanisms, from local to global scale. Eleven tsunamigenic categories were
identified. Most (n = 48; 65%) have been associated with seismic shaking, either directly, or
with co seismic processes. Lake waves have been recorded in all types of lakes, ranging from
the country’s largest to some of the smallest; some of the deepest to shallowest, and from the
highest-altitude lake to those around sea level. The greatest wave height (c. 10 m), and run-up
elevation (c.20 m above the lake surface), was associated with the May 1992 Maud Lake tsunami.
To date, lake waves have caused minimal property damage or personal injury, although the
hazard and risk they present is predicted to increase, in association with intensifying lakeside
developments and, possibly, with climate-change effects.

Keywords: lakes, lake waves, New Zealand, seismic seiche, tsunami, undetermined waves.
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1. INTRODUCTION

New Zealand is prone to all known natural hazards (e.g., Spenden & Crozier 1984; Owens
2001), owing to its position across the active Australian—Pacific tectonic plate boundary, and its
maritime location in the South Pacific Ocean (Figure 1). Yet, no research has been undertaken
examining the historic occurrence of tsunamis, seismic seiches, or other
undetermined waves (collectively termed lake waves) on the country’s lakes, despite there being
nearly 4,000 lakes greater than one hectare there being nearly 4,000 lakes greater than one hectare
in area, with the eight largest each being greater than 100 km? (Schallenberg et al. 2013).

nationally,

Figure 1.
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occurrences at each). Red line is the Australian-Pacific tectonic plate ?Jounda;y. Blue-shaded
area shows the Northland and Auckland regions, where no records were found.

Recent lake wave research has been site-specific and focused on event prediction, based on
return-periods of other natural hazards, that could be tsunamigenic (e.g., de Lange et al. 2002;
Allen et al. 2009; Clark et al. 2011, Clark et. al 2015; Mackey 2015; de Lange & Moon 2016,
Fraser & McMorran 2016; Brambus 2017, Mountjoy et al. 2019; Wang et al. 2020). Regarding
historic lake waves, most literature has given them only a passing mention
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(excluding those generated by wind-forcing), as it has focused on initial generating mechanisms
like seismic shaking (e.g., Hogben 1890; Downes 1995, 2006), or landslides (e.g., Hawley 1984;
Hancox et al. 2004), rather than the subsequent lake waves produced. Besides details of four
historic lake tsunamis, presented by McSaveney (1992a, b, 1993, 2002), Dykes (2013), and Dykes
et al. (2017), most information for such events is found in contemporary newspapers.
Contrastingly, research for oceanic tsunamis is extensive and several national databases have been
compiled - the most recent being the New Zealand Tsunami Database (Downes et al. 2017; GNS
2023).

To address this knowledge gap, the New Zealand government’s Department of Conservation
(which administers approximately one third of the country’s land area) undertook an investigation
to establish baseline information of historic lake waves, including locations, generating
mechanisms, wave types, height and run-up elevations, frequency, and damage they have caused
to life and property (Benn 2023). This complements predictive modeling and risk analyses
recently undertaken by other government and external organizations, as commercial developments,
recreation, and tourism activities intensify around many of the country’s lake margins. Locations
of reported lake waves are shown in Figure 1, with basic details for each event listed in Appendix
l.

2. METHODS
2.1 Information sources

An extensive desktop literature search was undertaken, combined with video/photographic,
survey, field, and eye-witness evidence of lake wave occurrence, obtained via communications
with others in similar fields of research. The Papers Past website (Papers Past | Newspapers
Home (natlib.govt.nz)) provided most information (especially for the period 1846—-1930s), as all
New Zealand’s newspapers have been scanned by the National Library, from each paper’s first
publication date up until at least 1920, and some major papers, up to the late 1980s.
Parliamentary papers/reports/journals, personal letters and diaries, and other historic documents
have also been scanned (ongoing and updated regularly). Other information sources included:

a) Earth-science journals,

b) New Zealand Tsunami Database (Downes et al. 2017; GNS 2023),

¢) New Zealand Historic Weather Event Catalogue (NIWA 2023),

d) GNS landslide and earthquake reports for specific events,

e) Readily available natural hazard reports (councils and consulting companies),

f) Postgraduate theses,

g) General internet searches,

h) Miscellaneous history books,

i) Personal communications with other New Zealand-based earth scientists.

Words and phrases (and derivatives or combinations of them) such as agitated, disturbance,
earthquake, earthquake-wave, landslide (slip/slump/fall), lake (water[s], surface), oscillation,
pulsation, ripple, seiche, surge, tidal wave, tsunami, whirlpool, and specific locality names of
known, or potential lake wave events, were searched.
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2.2 Definitions

Accepted definitions for tsunamis (e.g., Sheppard et al. 1950; CERC 1984; Pararas-Carayannis
2000) and seismic seiches (e.g., Kvale 1955; McGarr 2020) were used. For this investigation, all
waves caused by material falling into, or entering lakes and displacing water, were called
tsunamis, regardless of the volume of the material involved (e.g., mass movement, small
rockfalls). Undetermined waves (or oscillations) were those generated by unidentified processes
but were known to have not been generated by wind forcing.

In cases when a generating mechanism like the February 1931 Mg 7.8 Napier earthquake
(Downes & Dowrick 2014) produced a series of waves on unconnected lakes, the waves were
defined as separate (multiple) lake waves. Conversely, in events such as the May 1992 Mount
Fletcher rock avalanche/Maud Glacier ice collapse, which produced a single wave that travelled
across multiple, connected lakes, the wave was defined as a single lake wave. In the database
(Benn 2023), original reported units of measurement (imperial or metric) were maintained, as were
earthquake magnitudes (Mw, Mwr, Mr, Ms, etc.) and intensities (MM, R-F) as defined by Downes
and Dowrick (2014). Lake types listed in Table 1 are defined by Lowe and Green (1987).

2.3 Validity

For oceanic tsunamis, previous researchers have used a combination of numeric and
descriptive methods to rank the validity of occurrence, ranging from the most detailed and
reliable, to the vaguest and least reliable reports (e.g., Cox & Morgan 1977; de Lange & Healy
1986; Downes et al. 2017). Based on available evidence, lake wave validity classes for this
investigation were defined in descending order as Definite, Probable, and Possible (Table 3,
Appendix1). Further analysis may refine these, to align to the five validity classes established by
Downes et al. (2017).

3. RESULTS

Seventy-four lake waves have been recorded on 38 lakes throughout New Zealand, between 1846
and 2002 (Figure 1; Appendix 1). Results are summarized in Tables 1-4, below.

Table 1. Lake waves recorded in New Zealand

Lake Lake Type Total Number Wave Type & Number
of Waves | Tsunami Seismic Undetermined
Seiche

'White Island Volcanic 1 1

IRotoroa /Hamilton Peat 2 2

Hamilton old open reservoir Artificial 1 1

Rotoehu Volcanic 1 1

Rotoiti Volcanic 3 1 2

IRotoma Volcanic 1 1

IRotorua Volcanic 1 1

Okataina Volcanic 2 2

Tarawera Volcanic 3 1 2
[Rotomahana Volcanic 3 2 1

IEcho Volcanic 1 1




Taupo Volcanic 13 7 4 2
IWaikaremoana Landslide 1 1
Tatira Landslide 1 1
Crater Lake Volcanic 6 6
Opunake Lake Atrtificial 1 1
|Virginia Dune 1 1
[Unnamed (1) Whanganui Dune 1 1
[Unnamed (2) Whanganui Dune 1 1
|Wairarapa & Onoke Riverine & Bar 2 2
Nelson reservoir dam Artificial 1 1
IRotoroa Glacial 3 1 2
[Brunner Glacial 1 1
Sumner Glacial 1 1
\Victoria Artificial 1 1
Sarah Glacial 1 1
Maud & Tekapo Pro-glacial & Glacial 2 2
IHooker Pro-glacial 2 2
Tasman Glacial 4 4
IWanaka Glacial 2 1 1
\Wakatipu Glacial 4 1 3
IErskine Glacial 1 1
Gunn Glacial 1 1
IHayes Glacial 1 1
Te Anau Glacial 2 1 1
IWaimumu dredge pond Artificial 1 1
Totals 74 41 25 8
(100%) (55%) (34%) (11%)

INotes: 1) Lakes listed from north to south - North Island lakes above red line, South Island lakes below; 2) Connected
lakes are listed together, as individual lake wave events have affected the connected lakes simultaneously. Lakes
\Wairarapa and Onoke are connected via the Ruamahanga River; Maud Lake and Lake Tekapo are connected via the
Godley River; 3) Blank spaces = no record.

Table 2. North Island, South Island, and New Zealand sub-totals, from Table 1.

Wave type and number

Location Tsunami Seismic Seiche |Undetermined Total
INorth Island 24 18 4 46 (62%)
South Island 17 7 4 28 (38%)
INew Zealand 41 (55%) 25 (34%) 8 (11%) 74 (100%)
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Table 3. Lake wave association with generating mechanisms. Note that the sum and
percentages of waves are greater than 74 and 100%, respectively, as many lake waves
were counted more than once, reflecting their association with multiple, simultaneous

generating mechanisms.

Lake wave generating mechanism Number (%) of lake waves associated with
generating mechanisms
Seismic shaking 48 (65%)
Mass-movement (sub aerial/subaqueous slides) 18 (24%)
\Volcanic/geothermal activity 14 (19%)
Ice-calving/collapse 10 (14%)
Gas-expulsion 6 (8%)
Rainfall 3 (4%)
|Avalanche (snow, ice) 3 (4%)
Liquefaction 2 (3%)
Faulting/tilting (lakebed/margins) 1 (1%)
IAtmospheric coupling 1 (1%)
\Undetermined 6 (8%)

Table 4. Validity of lake wave occurrence.

\Validity Number (%) of lake
waves

Definite 48 (65%)

Probable 16 (22%)

Possible 10 (13%)

4. DISCUSSION

4.1 Historic record and validity

It is acknowledged that the list of events recorded may be incomplete and may contain

potential inaccuracies, for the following reasons. Many of New Zealand’s lakes are remote from
populated areas so numerous lake waves may not have been witnessed nor recorded. This concurs
with findings by the likes of Kvale (1955), Roberts et al. (2013), and Clark et al. (2015). Similarly,
many potential or actual tsunamigenic mechanisms have occurred at night, and again, eyewitness
accounts may be absent. Corresponding with a gap of digitized newspapers, comparatively little
information was found for the period between the mid-1930s and early 2000s. Searching hard
copy newspapers from this digital gap were outside the project’s scope, as was searching for lake
level data held by numerous organizations, which may have identified more events. However, real-
time lake level data for most New Zealand’s lakes do not exist, further increasing the possibility of
lake waves being undetected. Lake wave research in New Zealand is a relatively recent
occurrence, focused on modeling future events rather than documenting those past, so historical
information is limited. Also, some records may have been overlooked in the literature search.
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Accounts relying solely on historic (especially singular) newspaper reports may not be as
accurate as others based on several independent sources of information (Munro & Fowler 2014),
so details for some events listed in Tables 1-4 and Appendix 1 may change, as more information
is found, and further analysis undertaken. Nonetheless, in similar investigations for oceanic
tsunamis, Cox and Morgan (1977), de Lange and Healy (1986), and Downes et al. (2017), noted
the importance of historic newspapers as an information source, which holds true for this
investigation. Despite the recognized limitations, the events recorded provide a baseline for
further research and allow the following initial observations to be made

4.2 Distribution

Seventy-four lake waves have been recorded throughout New Zealand, from White Island’s
crater lake in the north, to the Waimumu gold-dredge pond in the south. However, no records
were found for the Auckland or Northland regions, despite both regions having numerous natural
lakes and artificial reservoirs (Figure 1; Table 1). Northland’s lack of records is attributed to a
possible absence of events and/or observation bias (being sparsely populated), whilst the most
likely explanation for Auckland is event absence: Auckland is the most densely populated region
in the country, making the probability of observation high, if any events had occurred. Almost
two-thirds of lake waves have been recorded from the North Island (n = 46 [62%] in 21 lakes),
compared to just over a third (n = 28 [38%] in 17 lakes) for the South Island (Table 2). This is
also attributed to observation bias rather than environmental factors, as historically, many North
Island lake-margins (such as Lake Taupo, with the highest recorded number of
events; n=13) have had much higher population densities than those of the South Island.

Lake waves have occurred on natural, modified, and artificial lakes, ranging in size from Lake
Taupo, New Zealand’s largest lake (616 km?), to some of the smallest, such as Victoria Lake in
Christchurch (< 2.0 ha), and in some of the country’s deepest lakes, like Lake Te Anau (417 m
deep), to some of the shallowest, with several being < 2.0 m deep (e.g., [rwin 1975; Livingston et
al. 1986a, b). Lake waves have also occurred in the country’s highest altitude lake (Crater Lake,
Mount Ruapehu) at c. 2,734 m above sea level (e.g., Allen 1907; Evening Post 23 March 1945,
p- 6.) and in some of the lowest lying, such as Lake Wairarapa at < 1.0 m above mean sea level
(Livingston et al. 1986a).

4.3 Generating mechanisms

Lake waves in New Zealand have been generated by all known mechanisms except for
meteorite impact, with eleven categories of tsunamigenic mechanisms identified: In many events,
multiple, simultaneous trigger mechanisms were involved (Table 3). Most lake wave events (n =
48; 65%) have been associated with earthquakes, either as a direct consequence of seismic shaking
(seismic seiches), or from secondary co seismic effects, like mass-movement, lakebed faulting,
and liquefaction (tsunamis). Given New Zealand’s high seismicity levels owing to its tectonic
position, this result was not unexpected. The lowest earthquake magnitude found to be associated
with lake wave generation was My, 5.3 (1956 and 2022 Taupo tsunami events: Downes & Dowrick
2014; GeoNet 2022), although descriptive accounts for other events suggest it is probable that
earthquakes of < M 5.3 have generated lake waves. Records show that large-magnitude
earthquakes and volcanic eruptions can generate more lake waves over a wider area than other
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tsunamigenic mechanisms, which tend to produce an individual wave at a specific site (Figures 2

& 3; Appendix 1). Eighteen lake waves (24%) have been attributed to some form of sub aerial or
subaqueous mass-movement (Table 3). However, it is likely at least eight more (11%) were
associated with this, in cases where landslides were recorded in the immediate vicinity of a
lake wave event, but no reports were found of mass movements directly affecting the lakes. The
generating mechanisms for six events (8%) could not be determined.

Geological controls produce broad tsunamigenic variances between the North and South
Islands. In the North Island, lake waves have been generated by all mechanisms identified,
although those associated with ice-calving/collapse have been restricted to Crater Lake (Mount
Ruapehu) - the only North Island lake with a permanent ice field adjacent to it. In the South Island,
lake waves have been generated by most mechanisms, except volcanic activity (confined to the
North Island) and atmospheric coupling, although the latter remains a possibility.

Lake waves in New Zealand have been generated by local, national, and remote, global-scale
mechanisms (Figure 2). As examples, the May 1992 Maud Lake (unofficial, but common name)
tsunami was generated by a local event — the Mount Fletcher rock avalanche/Maud Glacier ice-
collapse (e.g., McSaveney 2002). On a national scale, Grapes (2000) noted the 1855 Wairarapa
earthquake (Mwr 8.2, Downes & Dowrick 2014) caused seismic seiching in lakes and rivers
between Lake Rotoiti (North Island) and Christchurch (South Island); an approximate range of 690
km (geodesic distance). At a global scale, the 1883 Krakatau eruption (Indonesia) caused a
volcano-meteorological (atmospheric) tsunami on Lake Taupo (The Thames Star 15 September
1883; de Lange & Healy 1986; Lowe & de Lange 2000), 7, 900 km (geodesic distance) from the
source. Similarly, the February 1938, My 8.6 Banda Sea earthquake in Indonesia (Okal &
Reymond 2003; Cummins et al. 2020), was the apparent source for the seismic seiche reported on
Virginia Lake (e.g., Evening Post 5 February 1938). Besides these two global-scale examples, all
other reported lake waves (97%) were generated by mechanisms originating within New Zealand.
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Figure 2. Lake wave occurrence, 18462022 (EQ = Earthquake)
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As illustrated by Figure 2, three or more lake waves generated by earthquakes were recorded.
Thetsunamigenic wave generating mechanisms of such earthquakes were dominated by the above
listed, large-magnitude geological events, which produced waves on multiple lakes. The 1886
Mount Tarawera eruption is the dominant tsunamigenic event, although this could be misleading,
as the 1855 Wairarapa Earthquake most likely generated many more lake waves than the four
recorded (see Grapes 2000; Appendix 1). Gaps in the record, especially from the 1930s to early
2000s, correlate with an absence of digitized newspapers, and prior to the early 1900s, many
newspapers were not published daily, so some events may not have been reported. Prior to the
early/mid 1900’s, much of New Zealand was very sparsely populated, making the probability of
lake wave observation highly unlikely. The recent cluster of events between 2009-2022, reflects
increasing observation, monitoring, and reporting, from several of the South Island’s remote
glacial and pro-glacial lakes, and the volcanic Lake Taupo in the North Island.

Figure 3. Hooker Lake tsunami, Southern Alps, New Zealand (looking northwest to the
Aroarokaehe Range): 7:00 a.m., October 13, 2021. The tsunami, generated by an avalanche in the
Hayter Stream catchment (centre), crossed the 600 m wide lake in approximately two minutes (¢ =

5.0 m/s or 18 km/h). Time-lapse photograph courtesy of Aubrey Miller (Mountain Research
Centre, University of Otago, Dunedin, New Zealand)

4.4 Wave height and run-up elevation

The greatest lake wave height to have been instrumentally recorded was the c. 3.1 m high
tsunami on Tasman Lake, during the February 2011 Tasman Glacier ice-calving event (Dykes
2013; Dykes et al. 2017). However, wave heights presented for the May 1992 Maud Lake
tsunami, have ranged from Dore’s (1992) estimated > 20 m, to McSaveney’s (2002) calculated
10 m (based on valley dimensions and iceberg/debris deposition levels). A tsunami height of c.
10 m appears most credible and comparable to the largest oceanic tsunamis recorded around the
New Zealand coast (e.g., de Lange & Healy 1986; Fraser 1998; GNS 2023; NIWA 2023).
McSaveney (2002) doubted a tsunami height of > 20 m, noting that icebergs stranded 20 m
above the lake represented a combination of wave run-up and iceberg momentum, rather than
wave height. If Dore’s (1992) estimate were correct, then this would be the highest tsunami
(oceanic, lake, or river) recorded during historic times in New Zealand, exceeding the supposed
15 m high landslide-generated tsunami in the Waikari River, during the 1931 Napier (Tait 1977,
Donaldson 2016, Donaldson et al. 2019).
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Nevertheless, a tsunami run-up height of 20 m above the lake surface is comparable with
comparable with modeling results by Clark et al. (2015), and Fraser and McMorran (2016), who
calculated tsunami run-up heights of up to 25 m could result from large landslides entering the
nearby glacial lakes of Tekapo, Pukaki, and Ohau.

Based on reliable evidence, the 1992 Maud Lake tsunami is most likely the largest
terrestrial-based tsunami recorded in New Zealand during historic times, as from its source in
Maud Lake, the wave travelled 45 km down the Godley River valley, and discharged c. 7.8 x 10°
m’ of water into Lake Tekapo, raising the 87 km? lake by c. 90-98 mm (Dore 1992; McSaveney
1993, 2002). At the opposite extreme, detailed surveying by GNS after the small November 2022
Lake Taupo tsunami, showed that relative to the lake’s usual high-water mark, the maximum
wave run-up elevation was 1.0 m and horizontal inundation distance was 40 m, respectively
(GeoNet 2022; Appendix 1).

Reported wave heights for seismic seiches and undetermined waves (mostly based on
visual observations), have ranged from as little as c¢. 12 mm on Victoria Lake (Christchurch Star
17 June 1929a, b) in the June 1929 Mg 7.8 Murchison Earthquake (Downes & Dowrick 2014), to
4.5 m at Lake Waikaremoana (Poverty Bay Herald 4 February 1931) in the 1931 Napier
Earthquake. The upper limit is comparable to modeling results by Wang et. al. (2020), who
showed that seismic seiche wave heights in the southern arm of Lake Tekapo during a My 8.2
Alpine Fault earthquake could reach c. 4.0 m. Where estimates for seismic seiche and
undetermined wave heights are given in Benn (2023), most are less than 2.0 metres.

4.5 Duration

The longest observed period of seismic seiching was on Lake Rotorua, where continuous lake
oscillations occurred for just over a month following the June 1886 Mount Tarawera eruption and
associated earthquake swarm (Pond & Smith 1886). Another long period of lake oscillating,
possibly caused by sub-aqueous mass-movement, occurred continuously for a week in February
1933, on Lake Taupo (e.g., Auckland Star 21 February 1933; Nelson Evening Mail, 23 February
1933). The longest recorded tsunami durations have been considerably shorter. McSaveney
(2002) noted a rapid rise in Lake Tekapo’s level from the arrival of Maud Lake tsunami (5.6 h
after generation), which then declined exponentially over the next few days. Likewise, almost
immediately after the February 2011 Tasman Glacier ice-calving event, Dykes et al. (2017)
reported a large, rapid rise in the level of Tasman Lake, which then returned to a lower level
around four days after the event (and preceding rainfall input). Where lake wave durations are
known, most fall between a few minutes to a few hours (Benn 2023).

4.6 Frequency

It has been generally accepted that lake waves in New Zealand are rare, low-frequency events.
When discussing large-scale rock avalanches in the Southern Alps, Hawley (1984) stated: “4
remote, but real possibility exists that one of these may fall into a lake (natural or “Hydro”) and
create waves of damaging proportions”. More recently, Clark et al. (2015) stated: “There have
been relatively few reported occurrences of tsunami and seiche waves on lakes in New Zealand,
but this is probably due to a short written history (since ~ AD 1840), rather than a real absence of
record”. Similar statements by Painter (2004), Clark et al. (2011), Ward et al. (2015),
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Mackey (2015), Dykes et al. (2017), and Mountjoy et al. (2019) are challenged here, as 74 lake
waves over a 176-year period shows their occurrence in New Zealand has been far more frequent
than previously considered. For example, the New Zealand Tsunami Database (GNS 2023) lists
128 tsunami events but only six of those are lake tsunamis.

Figure 2 shows the historic frequency distribution of lake wave occurrence. The frequency of
tsunamis, especially in the South Island’s glacial lakes, could increase in the future with predicted
climate change increasing the frequency of landslides, avalanches, and ice-calving events around
lake margins in the Southern Alps, as glaciers rapidly retreat. Warren and Kirkbride (1998)
examined ice-contact lakes in the Southern Alps, noting that climate change had altered glacier
behavior, which in turn, initiated ice-calving events. McSaveney (2002) reported on rock falls
and rock avalanches in the Southern Alps, noting that over centuries, climatic warming and
glacier-thinning had unloaded the toes of some exceptionally steep slopes, which had likely
increased the frequency of catastrophic rock collapses (albeit, a small increase), and that:
“Glacier recession, however, has increased the number of lakes in the Southern Alps, and
heightened the risk of down-stream flooding”. However, Allen et al. (2011) examined possible
climate change impacts on rock avalanches and other landslides in the Southern Alps and
concluded that it was not yet possible to distinguish the influence of atmospheric warming from
the “... simultaneous effects of weather, erosion, seismicity, and uplift along an active plate
margin”’.

4.7 Personal injury and near misses

The only reported case of personal injury caused by lake waves, was in the August 1904 Lake
Rotomahana seismic seiche (Mg 6.8 Cape Turnagain earthquake, Downes & Dowrick 2014),
where a tour-boat guide badly injured his hand as he tried to hold a boat against the jetty whilst
the lake was seiching (Poverty Bay Herald 17 August 1904; Downes 2006). Nonetheless, there
have been several cases of people being swept away or knocked over by lake waves, or they have
been in small watercraft when waves struck. Examples include an unnamed lake at Whanganui
(January 1855), Lake Wakatipu (April 1871), Lake Tarawera (June 1886), Waimumu dredge
pond (March 1909), Lake Taupo (March 1910; March 1956), Lake Brunner (June 1929), Lake
Waikaremoana (February 1931), Lake Wairarapa (June 1942), Echo Lake (May 1948), Lake Te
Anau (June 1988), and Tasman Lake (February 2011).

4.8 Property and structural damage

Lake waves have caused minimal damage to private property or public infrastructure, primarily
because most of the major events have occurred in both sparsely populated, and sparsely
developed locations, at the time of occurrence. The most significant structural damage recorded,
occurred near the outlet of Lake Rotoroa (South Island) during the 1929 Murchison earthquake,
where a tsunami destroyed both the Gowan River bridge and lakeside jetty, and severely damaged
the Lake Rotoroa Hotel (e.g., Nelson Evening Mail 19 June 1929). Lesser damage has included
the washing-out of small sections of the vehicle access route to Godley Hut during the May 1992
Maud Lake tsunami (McSaveney 2002). On several occasions, small watercraft have been washed
away from boatsheds, jetties, and moorings, as at Lake Tarawera (June 1886), Lake Taupo (March
1910, November 2022), Lake Sumner (March 1929), Lake Brunner (June 1929), Lake
Waikaremoana (February 1931), and Lake Te Anau (June 1988).
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4.9 Environmental damage

The most significant environmental damage caused by a lake wave, was around the margins of
Maud Lake and in the Godley River valley during the May 1992 Maud Lake tsunami. Dore (1992)
and McSaveney (1992a, b; 1993, 2002) described masses of ice and debris being deposited up to
20 m above the lake and widespread severe scouring of vegetation and sediment from the
Godley River valley, many kilometers downstream of Maud Lake. The November 2022 Lake
Taupo tsunami caused shoreline erosion (undercutting) at several localities around the lakeshore
and deposited silt, pumice, and driftwood, up to 40 m inland from the from the lake’s normal high-
water level (GeoNet 2022).

5. CONCLUSION

The most comprehensive database of historic lake waves in New Zealand has now been
compiled, which has helped improve the understanding of these natural hazards. Furthermore, a
baseline for further historical research has been established. Major findings were that lake waves
have occurred at a much higher frequency than previously considered and have been generated
by all known mechanisms (except meteorite impact); most being generated by, or associated
with, seismic shaking. Lake wave magnitudes have ranged from barely detectable to catastrophic,
and although lake waves have caused minimal damage historically, the hazard and risk they pose
are expected to increase, with intensifying lakeside development and climate change effects.
These findings, in conjunction with further research, may have implications for future lakeside
planning and management.
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ABSTRACT

The advancement of technology is projected to result in the creation of efficient tsunami detection
early warning systems to aid individuals, especially those disabilities-friendly, in raising their
consciousness and preparing for the worst-case disaster scenarios before they occur. This
qualitative descriptive study uses data-gathering procedures based on the library research method.
The numerous TEWS has been developed as an effort to recover, rehabilitate, and reconstruct and
are carried out in such a way as to anticipate and prepare residents to be more alert and alert to the
occurrence of tsunami. [oT based on IMU devices can be utilized as TEWS sensors with
minimum limitation. IDSL information concerning elevation is highly correlated with the BIG
forecast information. The Android-based received a response time of fewer than five seconds to
start receiving with retrieving the tsunami and earthquake data. In conclusion, the EWS needs to
be developed along with professional sign-language translators in all catastrophe knowledge as
required by the National Regulation on the fundamental rights of individuals with disabilities as
part of disclosing information for deaf citizens. Hence, recommendations for further research are
needed to develop the TEWS integrated with VBEWS, ViBEWS, ViISEWS, and sign language.

Keywords: Disabilities, Sign Language, Tsunami, Warning Systems.
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1. INTRODUCTION

Indonesia is one of the countries with tsunami potential because it is located on the path of
meeting plates in the sea, so a large earthquake with a shallow depth will potentially cause a
tsunami. Tsunami waves are mechanical waves that have a propagation speed proportional to the
density of the propagation medium. In addition, tsunami waves include longitudinal waves whose
vibration direction parallels their propagation. Tsunami will vibrate harmoniously in an area with
an intense sea surface with a large wavelength and speed (Matsumoto et al., 2021). The energy of
a tsunami wave is always constant, so when a wave enters a shallow area, its wavelength and
speed will be smaller, while its amplitude will be more significant. This process can be formulated
as v=,-gd. (Bolin et al., 2023). Where v is the speed of the wave, g is the acceleration due to
gravity, and d is the depth of the sea surface (Prahani et al., 2022). However, tsunami can be
triggered by temporal el Nifio and other climatic anomalies (Pararas-Carayannis & Zoll, 2017)

The tsunami waves are among the occurrences of nature, leading to one of the most
devastating tragedies on Earth. However, in 2004 the Aceh tsunami was one of the biggest
disasters in Indonesia (Robbe-Saule et al., 2020). Indian Ocean earthquake and tsunami its
epicenter is located off the west coast of Sumatra, Indonesia (Jihad et al., 2023; Syamsidik et al.,
2021; Tursina et al., 2021). The earthquake was 9.1-9.3 on the moment magnitude scale and IX
on the Mercalli intensity scale. The number of victims due to the Aceh tsunami reached 167,000
people, both dead and missing. In addition, no less than 500,000 people were left homeless
(Fathiah et al., 2019; Riswandi, 2023; Samphantharak, 2019). The death toll does not include
tsunami victims in other regions. Other than that, Multiple devastating tsunamis and earthquakes
have been recorded in the Eastern Mediterranean region throughout the last three centuries
(Pararas-Carayannis, 2011). Figure 1 is a tsunami Hazard in Indonesia by Australia-Indonesia
Facility for Disaster Reduction (AIFDR). A tsunami calamity is likely to strike practically every
area of Indonesia.

Probability of experiencing a [ ‘ess than 1/1000 I 11000 to 1/500

tsunami with an orange warning 1/500 to 1/100 1100 to 1/50 o 500 1.000
e
level (0.5 - 3.0 m tsunami) in a year 1150 10 1110 I oreater than 1/10 Kilometers

Figure 1. Tsunami Hazard in Indonesia by AIFDR (Source: Horspool et al., 2013)
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In the context of the unique needs of the disabilities, efforts to recover, rehabilitate, and
reconstruct are carried out in such a way as to anticipate and prepare residents to be more alert
and alert to the occurrence of the tsunami (Fathiah et al., 2019; Goto et al., 2021). As one of the
disaster mitigation efforts, the National Disaster Management Agency (NDMA), together with the
Indonesian Deaf Welfare Movement (IDWFM), held a National Congress of Indonesian Sign
Language in Disaster Management. However, Law Number 24 of 2007 concerning Disaster
Management states that disability groups are protected groups in disaster events (as objects).
However, they can also become actors (subjects) in Disaster Management through the capacity
building of these groups. Efforts to pay attention to those with special needs are covered in the
Head Regulation of the National Disaster Management Agency Number 14 of 2014 concerning
Handling, Protection, and Participation of Persons with Disabilities in Disaster Management.

The advancement of technology is projected to result in the creation of efficient tsunami
detection early warning systems to aid individuals, especially those disabilities-friendly, in raising
their consciousness and preparing for the worst-case disaster scenarios before they occur. In line
with this, the preparedness of families with disabilities children in the face of disasters; it was
seen that the preparedness plan category was not ready (37.8%), the knowledge category was
ready (42.2%), the resource mobilization category was not ready (82.2%), the tsunami disaster
preparedness index value is 57% (ready category), the disaster warning category was not ready
(46.7%) (Riviwanto et al., 2021). Governments in local areas must give persons with disabilities
preferential attention (Fuady et al., 2021; Riviwanto et al., 2021). This study will summarize the
development of a tsunami early warning system (TEWS) for disability groups so that from this
study can be concluded the advantages, limitations, and updates that can be applied as an effort to
realize the goals of the National Congress by NDMA so that parties to develop an inclusive early
warning system, especially paying attention to the disabilities community. This congress is an
important milestone because the disabled community, who have sign language, are willing to
come together to agree on how they can contribute to disaster relief with their wealth of sign
language (Schniedewind et al., 2020).

2. METHODS

This qualitative descriptive study uses data-gathering procedures based on the library research
method. The first library research is collected. Then, the article was reduced to the most relevant
topic of TEWS for disabilities group. This research produces descriptive analysis in a series of
written sentences. According to Sugiyono (2017), the stages of analysis for qualitative research
are generally depicted in Figure 2.

Qualitative data analysis includes four stages (Suliyanah et al., 2021), namely (1) Data
collection is obtaining data from various trusted sources to obtain the required information that
supports the ability of research objectives; (2) Data reduction is sorting out important things
focused on the needs of the author to facilitate obtaining the desired data in line with the research
objectives (Shafi et al., 2020; Sovacool et al., 2018); (3) Presentation of data is the exposure of
research data which is generally in the form of short descriptions, charts, relationships between
subjects, and so on for qualitative research types (Bauer & Scheim, 2019); (4) Conclusion and
verification are the final results obtained after conducting a series of previous processes to attract
new findings for the study's purpose.
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Figure 2. Stages of Qualitative Data Analysis in General (Sugiyono, 2017)

3. RESULTS AND DISCUSSION

3A. TEWS Based on IoT and Underwater Sensors

Tsunami mitigation is often accomplished by placing buoys along the shore, although this
detection method has limits. Determining the sea level compared to specific guidance, whereas
altimetry observation needs to be done continuously and correctly, usually carries out tsunami
pulse observation on the shore. Furthermore, traditional markers are more extensive and more
costly to use. Underwater Wireless Sensor Networks, in broad terms, may be utilized to collect
and preserve information about broad geographical areas and transfer it to a headquarters for
information processing and EW creation (Ding et al., 2021; Gola & Gupta, 2020; Jin et al., 2019).
UWSNSs are employed in a variety of programs, and the Internet of Underwater Things (IoT) is a
framework that enables the identification and forecasting of occurrences that may lead to
emergencies (Bhattacharya et al., 2022, 2022; Kotis et al., 2023; Mohsan et al., 2022), see in
Figure 3.

Figure 3. Integrating of TEWS based on IoT and Underwater Sensor (Source: Esposito et al.,
2022)

In the context of Early Warning (EW), IoT solutions may be highly successful in data
gathering, transmission, and disaster forecasting while being affordable. As a result, Wireless
Sensor Networks, Cloud solutions, Machine Learning, and other Internet of Things components
should be employed while implementing or integrating existing Early Warning Systems (EWS)
(Esposito et al., 2022). Further research studies the uses of blockchain-enabled IoT, such as in
Figure 4.
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racking

IoT enables us to save numerous lives through emergency preparedness. As a result, the
IoT allows for the connectivity of many devices; the IoT-empowered disaster preparedness
system is utilized for EWS by applying data analysis and computational capabilities (Sharma et
al., 2021). Although undersea investigation contributes significantly to nations' economies,
research into the implementation of rising technologies like blockchain for the IoT is still in the
early stages. Furthermore, due to their compact size and low construction and upkeep costs, [oT-
based Inertial Measurement Unit (IMU) devices can be utilized as TEWS sensors (Suryanto et al.,
2020). However, Anping Port in Taiwan found that low-cost IMUs had a good capacity for
measuring the height of waves with both frequency and amplitude as relatively precise parameters
(Huang et al., 2016).

3B. Inexpensive Device for Sea Level

IDSL research by Novianto et al. (2021) information concerning elevation is highly
correlated with the BIG forecast information. The typical frequency of present-day information
gaps is three to five minutes long, primarily due to transmission or transmission network
interruption (Yunarto & Sari, 2018). IDSL is also equipped with CCTV to visually recognize the
water lines as an indicator of a tsunami, as in Figure 6. However, previous research developed a
Pacific TWS (PTWS) based on sea level Gauges (Pararas-Carayannis, 2015) as in Figure 5.
PTWS provide an evaluation of both tsunami or earthquake in the Pacific Ocean Basin
(Toulkeridis et al., 2022).
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Figure 6. The Data Gaps During Rest Time of IDSL (Source: Husrin et al., 2022)

Figure 7. TWS Sea Level Gauges (Source: Pararas-Carayannis, 2015)

Inconsistencies are missing data caused by a long delay time, a weak transmission system, or a
communication breakdown. During the measurement process, poor connectivity and connection loss
were caused by the operational handling of the equipment and the level of quality connectivity
(internet) facilities. The only factor that may affect IDSL performance is the high delay time that
occurs on occasion (Husrin et al., 2022). This mainly happened between 30 seconds and 5 minutes.
Considering operational management, the amount of data breaches for IDSL was less than 9%
(Husrin et al., 2021). The IDSL alert system is adequate for providing EW of wave abnormalities.
However, it gets frequently disrupted by local occurrences, including vibrations from ships
corroborated by CCTV photos in Figure 6 and 7. However, the development of IDSL is on high
reliability as TEWS.
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3C. Mobile-Based TEWS

Digitalization of technology with the help of mobile-phone applications has become very
dominant in connectivity between people in various parts of the world. The digital world has
become '"critical" to today's society, but perhaps more should be addressed to realize its
democratizing possibilities (Brody et al., 2018; Hantrais et al., 2021). Mobile-phone application at
pace and scale, its general application in some sectors prompted legal, social, and security
problems, along with increasing threats for underprivileged groups (Budd et al., 2020; Gallouj et
al., 2015; Marabelli et al., 2021; Mumtaz et al., 2021). Several developments of TEWS are
integrating mobile-based due to its practice of public awareness. Rais et al. (2022) developed
android-based TEWS, such as in Figure 8.
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Figure 8. Android-based TEWS (Source: Rais et al., 2022)

The Android-based received a response time of fewer than five seconds to start receiving
with retrieving the tsunami and earthquake data from the Meteorology Climatology and
Geophysics Council webpage to trigger an early warning in users' Android-based. Furthermore,
engineers upgrade the technology to distribute tsunami and earthquake information and provide
evacuation direction guidance and survivor detecting functions to reduce catastrophe risk
(Chamola et al., 2021; Lindell et al., 2021). However, due to the high volume of user activity, this
function may have the opportunity to be interrupted.
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Furthermore, Imamura et al. (2019) developed a mobile-based named "Integrated EWS of
Lampung" in Figure 9. This application consists of six menus: 1) mitigation, 2) emergency
number, 3) EWS, 4) evacuation point, 5) evacuation signs, and 6) post-earthquake. This
application is effective in giving alerts and knowledge as EWS. As a promising EWS, the
"Integrated EWS of Lampung” can be developed for national purposes, such as in Figure 9. In
line with this, the research by Berawi et al. (2021) developing ‘SaveMyLife’ as a mobile-based
help rescue in order to victims prioritized (Infants, elderly people, pregnant women, and other
defined groups have relied extensively on physical facilities such as buildings, mode of transport,
and ecological systems to ensure their life by providing shelter, nourishment, potable water, as
well as access to energy), and technology utilized. Figure 10 is the development of ‘SaveMyLife.’
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Figure 10. ‘SaveMyLife’ interface (Source: Berawi et al., 2021)

Various TEWS algorithms exist to provide educated tsunami source characterization for
quick, limited notification. The mechanism by which this critical information is disseminated is an
ignored part of TEWS (Davidson, 2022; de Silva, 2021). Current procedures are primarily
focused on when an alarm is sent from a warning center; however, that notice goes through many
groups and departments before reaching concerned populations (Williamson & Allen, 2023).
However, there is a lack of attention from parties with authority in providing EWS, especially
regarding warning of danger and emergency disasters that can reach the Deaf. Deaf people are
almost entirely unable to recognize the distress warning signals issued by the Voice-Based Early
Warning System (VBEWS).

The equipment for the EWS recommended by the study of Munandar et al. (2019) to
complement the VB-EWS is Visual-Based Early Warning System Equipment (VisEWS) and
Shock Vibration-Based Early Warning System Equipment (VibEWS). VisEWS is applied by
using a hazard light placed where the Deaf can easily see it. Whereas VibEWS is applied by using
devices such as smart bracelets or smart watches, or intelligent rings worn by deaf people when
they are individually in public facilities, such as in hospital inpatient rooms or hotel rooms.
Otherwise, the EWS offers professional sign-language translators in all catastrophe knowledge as
required by the National Regulation on the fundamental rights of individuals who have disabilities
as part of the disclosure of information for deaf citizens (Fauziyah & Jannah, 2022; Hansson et
al., 2020).

4. CONCLUSIONS

The numerous TEWS has been developed as an effort to recover, rehabilitate, and reconstruct and
are carried out in such a way as to anticipate and prepare residents to be more alert and alert to the
occurrence of tsunami. IoT based on IMU devices can be utilized as TEWS sensors with
minimum limitation. IDSL information concerning elevation is highly correlated with the BIG
forecast information. The Android-based received a response time of fewer than five seconds to
start receiving with retrieving the tsunami and earthquake data from the Meteorology Climatology
and Geophysics Council webpage to trigger an early warning in users' Android-based. However,
there is a lack of attention from parties with authority in providing EWS, especially regarding
warning of danger and emergency disasters that can reach the Deaf. In conclusion, the EWS needs
to be developed along with professional sign-language translators in all catastrophe knowledge as
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required by the National Regulation on the fundamental rights of individuals who have disabilities
as part of the disclosure of information for deaf citizens. Hence, recommendations for further
research are needed to develop the TEWS integrated with VBEWS, ViBEWS, ViSEWS, and sign
language.
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Future major earthquakes in the Sumatra-Andaman megathrust region can be expected to generate
destructive tsunamis that will result in great losses of life and property in countries bordering the
Andaman Sea Basin, Sumatra and the Indian Ocean. Megathrust earthquakes with moment
magnitutes of Mw=9 or more, similar to the Mw=9.2+ of 26 December 2004, at convergent
tectonic plate boundaries closer to the oceanic trench west of Sumatra, can be expected to
generate very destuctive tsunamis, along populated coastal areas of Indonesia, but also to other
countries bordering the Indian Ocean. In spite of the better understanding of the risks and of the
protective measures that have been implemented since 2004, the destructiveness of future events
is expected to be significant in the Andaman Sea basin, coastal areas of Sumatra and countries
bordering the Indian Ocean. In order to estimate the recurrence frequency of future tsunami-
generating earthquakes in the Sumatra-Andaman megathrust region similar to the 2004 event, the
present study examines briefly existing geodynamic processes in the north and west of the Island
of Sumatra, as well as past and recent tsunami generating earthquakes in the vicinity of the
Andaman Sea Basin, including the Andaman and Nicobar groups of islands. Specifically
examined is the Andaman fault system, recently prolonged through the Sumatra zone (the
Sumatra fault), which has been reactivated due to the lateral escape of the Sumatra forearc sliver
plate, and as a result of the oblique convergence and subduction with the Indo-Australian plate to
the south. The present study reviews and analyzes the active mechanisms for different tectonic
zones in this Sumatra-Andaman megathrust region, and provides an assessment of the potential
for future destructive tsunamis, based mainly on the recent historic record, on active tectonic
forces, and on evaluation of recurrence frequency.

Keywords: tsunami; Sumatra-Andaman megathrust, tsunami vulnerability of India, Indonesia,
Thailand, Bangladesh, Pakistan; historical tsunami records, Indian Ocean.
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1. INTRODUCTION

As in the past, tectonic subduction and thrust faulting along the Sumatra-Andaman megathrust
region can be expected to generate large magnitude destructive earthquakes and tsunamis in the
future, similar to the 26 December 2004 which had an estimated moment magnitude of Mw=9.1
later revised to Mw=9.3. With this revision this became the second largest earthquake in recent
history after the Mw=9.2 Prince William Sound, Alaska earthquake of 28 March 1964, and the
Mw=9.5 Valdivia, Chile of 22 May 1960. Although relatively infrequent, future Sumatra-
Andaman megathrust earthquakes will result in great losses of life and property in countries
bordering the Andaman Sea Basin, the Andaman and Nicobar groups of islands, eastern Sumatra
and other countries in the Indian Ocean. The present paper reviews thoroughly the 26 December
2004 earthquake and tsunami, and estimates the reccurrence of a similar disaster in the future.
Such a future event is expected because the Sumatra-Andaman megathrust region is a portion of
the collision zone of subduction megathrust plate boundary. The Sunda-Java trench further
southeast, also accommodates the convergence between the Indo-Australia and Sunda plates and
is expected to generate large earthquakes and volcanic activity in the future. This convergence is
responsible for the intense seismicity in both Sumatra and Java and further east on the great Sunda
tectonic arc.

The present study presents a brief overview of historical earthquakes and tsunamis in the
Andaman Sea, including the Andaman and Nicobar group of islands, all comprising the Sumatra-
Andaman megathrust. Furthermore, the study analyzes the active mechanisms of the different
tectonic zones in this region, and particularly provides a detailed account of the impact of the 26
December 2004 tsunami in regions bordering the Indian Ocean, as well an assessment of the
potential for future destructive events, based mainly on the historic record, on active tectonic
forces.

Specifically examined in this review is the Andaman fault system, recently prolonged through
the Sumatra zone (the Sumatra fault), which has been reactivated due to the lateral escape of the
Sumatra forearc sliver plate, and as a result of the oblique convergence and subduction with the
Indo-Australian plate. Thus, the present study reviews and analyzes the active mechanisms for
different tectonic zones in the Sumatra megathrust region, which includes earthquakes and
tsunamis in the vicinity of the Andaman Sea Basin, and the islands of the Andaman and Nicobar
group. Additionally provided is an assessment of the potential future destructive tsunamis in the
Sumatra-Andaman megathrust region, based mainly on the recent historic record, on active
tectonic forces, and on evaluation of recurrence frequencies as estimated, based on older and more
recent studies (Berninghausen, 1966; Pararas-Carayannis, 1978, 2000, 2001a,b, ¢, 2003, 2005a,b,
¢, d, 2006a,b, 2007a,b; Bilham, EtAl. 2005; Ishii EtAl 2005, 2007; Kriiger & Ohrnberger 2005;
Rastogi & Jaiswal, 2006; Hutchings & Mooney 2021).

Finally included are brief descriptions of recent historical destructive tsunamis, and of
expected future events. Subsequent studies will examine future potential tsunami generation in
other Indian Ocean regions in the Inland Red Sea, the Arabian Sea, the Java Sea, the Persian Gulf,
the Sea of Zanj, the Java Sea, the Bali Sea, the Flores Sea, the Timor Sea, the Celebes Sea, the
Sea of Arafora, the Makassar Strait between Borneo and Sumatra, and the Malacca Straight
between Malaysia and Sumatra.
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2. MAIN SOURCES OF TSUNAMIGENIC EARTHQUAKES IN THE SUMATRA -
ANDAMAN MEGATHRUST REGION

Complex on-going seismotectonic processes in the Indian Ocean are mainly the direct result of
the Indian and Australian blocks moving northward at a rate ranging from 59 to 68 mm/year as
shown in Fig. 1, and colliding with the Eurasian continent. There are several

regions where large earthquakes have occurred in the past and destructive tsunamis were
generated. The same regions can be expected to generate destructive tsunamis in the future that
will adversely impact countries bordering the Indian Ocean. As stated in previous publications the
main regions that are identified as more critical for future tsunami generation are: 1) The
Andaman Sea Basin, 2) The Northern and Eastern Segments of the Great Sunda Tectonic Arc, 3)
The Makran Subduction Zone in the Northern Arabian Sea, 4) The Karachi and deltaic Indus
region and the Owens Fault Zone, 5) The Kutch Grabben region, and 6) The Chagos Archipelago.

EXPLANATION
Main Shock

*26 December 2004

& Volcanoes
~—— Generalized Plate Boundaries
Faults (after Pubellier et al., 2004)
=4 Thrust
&= Strike-Stip
= Relative Plate Motion

Fig. 1. Tectonic base map of the Sumatra subduction zone showing major faults and relative
motion between the India and Sunda plates. Star marks the location of the main shock of the
December 26, 2004 earthquake (USGS map)
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Fig. 2 portrays an expanded view of the December 26, 2004 earthquake’s tsunami generating area
and its orientation paralleling the Sunda Trench along Northern Sumatra.

SCALE £ 9.000.000 of e Lpie
e

e
Fig. 2 Base map of the Sumatra subduction zone showing seismicity associated with the 2004
Sumatra-Andaman earthquake. (Figure based on info from the USGS Earthquake Hazards
Program)
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Fig. 3 is another illustration showing the local tsunami intensity and magnitudes of large
earthquakes such as the 1994 and 2006 Java events, of the 2005 and 2007 Sumatra events, of the
1964 Alaska and 2004 Sumatra events, and of the 1960 Chile event. As shown the 2004 Sumatra
earthquake had a moment magnitude of Mw=9.1, and a local tsunami intensity very close to that
of the 1964 great Alaska earthquake (Pararas-Carayannis, 1967), both being even greater than that
of the 1960 tsunami in Chile - the latter however being the strongest recorded earthquake which
had a moment magnitude slightly greater than Mw=9.5.
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Fig. 3 Earthquake magnitude versus local tsunami intensity for subduction zone earthquakes
from 1896-2005( Public Domain. Visit Media to see details)

The second largest earthquake of the 20th Century, and the largest ever recorded in the
northern hemisphere, occurred in Alaska on 27 March 1964 (3/27/64, 05:36:14.0 p.m., local time;
3/28/64 03:36:14.0 GMT). This earthquake had a moment magnitude Mw=9.2 and caused
extensive damage in Alaska. Local tsunami waves triggered by this earthquake were destructive
in Prince William Sound, Valdez Bay, other areas of Alaska in the eastern Aleutian Islands, in
Western Canada, Oregon, California and the Hawaiian islands January 2005 (Pararas-Carayannis
G, 1967).

The present study reviews only the seismicity of the Sumatra-Andaman megathrust region,
and the potential for future tsunami generation in this region of the Great Sunda Arc. Subsequent
studies will address individualy the potential of other regions of the Indian Ocean, such as the
Makran Subduction Zone in the Northern Arabian Sea, the Karachi and deltaic Indus region and
the Owens Fault Zone, the Kutch Grabben region, and the Chagos Archipelago. The next section
outlines briefly the 26 December 2004 Sumatra-Andaman earthquake and the tsunami that was
generated.
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3. THE GREAT EARTHQUAKE OF 26 DECEMBER 2004 ON THE SUMATRA-
ANDAMAN MEGATHRUST

On Sunday, 26 December 2004, the greatest earthquake in 40 years occurred about 150 kilometers
off the west coast of northern Sumatra Island in Indonesia. The earthquake generated a disastrous
tsunami that caused destruction in 11 countries bordering the Indian Ocean. This great
tsunamigenic earthquake occurred on Sunday, 26 December 2004, at 00:58:50 UTC (6:58:50 a.m.
local time). The epicenter was at 3.298 N, 95.779 E and its focal depth was very shallow (much
less than 33 km - possibly about 10km).The quake was widely felt in Sumatra, the Nicobar and
Andaman Islands, Malaysia, Myanmar, Singapore, Thailand, Bangladesh and India.

According to the U.S. Geological Survey (USGS NEIC (WDCS-D)), the moment magnitude
of the earthquake was Mw=9.1. Such magnitude would make this earthquake to be the third
largest in the world in the twentieth century. However, on the basis of subsequent analysis of
additional seismograms from around the world, scientists at Northwestern University determined
the earthquake's magnitude to be Mw=9.3 and not 9.0 or 9.1, as originally estimated. Therefore,
the calculated energy release was 1.13 X 10 (raised to the 30 power) dynes-cm, or three times
larger than originally thought. The revised estimate makes this earthquake to be the second largest
ever instrumentally recorded. The largest earthquake ever recorded, which measured 9.5, was in
Chile on May 22, 1960.

The region where the great earthquake occurred on 26 December 2004, marks the seismic
boundary formed by the movement of the Indo-Australian plate as it collides with the Burma
subplate, which is part of the Eurasian plate. However, the Indo-Australian tectonic plate may not
be as coherent as previously believed. According to recent studies reported in the Earth and
Planetary Science Letters (vol 133), it apears that the two plates have separated many million
years ago and that the Australian plate is rotating in a counterclockwise direction, putting stress in
the southern segment of the India plate.

For millions of years the India tectonic plate has drifted and moved in a north/northeast
direction, colliding with the Eurasian tectonic plate and forming the Himalayan mountains. As a
result of such migration and collision with both the Eurasian and the Australian tectonic plates,
the Indian plate's eastern boundary is a diffuse zone of seismicity and deformation, characterized
by extensive faulting and numerous large earthquakes. See USGS graphic Fig. 4 below showing
the migration of the Indian tectonic plate, and Fig. 5 showing the seismicity of Southern Asia.

Previous major earthquakes have occurred further north, in the Andaman Sea and further
South along the Sumatra, Java and Sunda sections of one of the earth's greatest fault zones, a
subduction zone known as the Sunda Trench. This great trench extends for about 3,400 miles
(5,500 kms) from Myanmar (Burma) south past Sumatra and Java and east toward Australia and
the Lesser Sunda Islands, ending up near Timor. Slippage and plate subduction make this region
highly seismic. The volcanoes of Krakatau, Tambora and Toba, well known for their violent
eruptions, are byproducts of such tectonic interactions.

The epicenter of the 26 December 2004 earthquake was near the triple point junction of three
tectonic plates where major earthquakes and tsunamis have occurred in the past.
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Previous major earthquakes have occurred further north, in the Andaman Sea and further South
along the Sumatra, Java and Sunda sections of one of the earth's greatest fault zones, a subduction
zone known as the Sunda Trench. This great trench extends for about 3,400 miles (5,500 kms)
from Myanmar (Burma) south past Sumatra and Java and east toward Australia and the Lesser
Sunda Islands, ending up near Timor. Slippage and plate subduction make this entire region
highly seismic. The volcanoes of Krakatau, Tambora and Toba, well known for their violent
eruptions, are byproducts of such tectonic interactions.

Seismicity of Southern Asia (above magnitude 3.0 Ms)
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Previous major earthquakes have occurred further north, in the Andaman Sea and further
South along the Sumatra, Java and Sunda sections of one of the earth's greatest fault zones, a
subduction zone known as the Sunda Trench. This great trench extends for about 3,400 miles
(5,500 kms) from Myanmar (Burma) south past Sumatra and Java and east toward Australia and
the Lesser Sunda Islands, ending up near Timor. Slippage and plate subduction make this region
highly seismic. The volcanoes of Krakatau, Tambora and Toba, well known for their violent
eruptions, are byproducts of such tectonic interactions.

In addition to the Sunda Trench, the Sumatra fault is responsible for seismic activity on the
Island of Sumatra. This is a strike-slip type of fault which extends along the entire length of the
island. The Burma plate encompasses the northwest portion of the island of Sumatra as well as the
Andaman and the Nicobar Islands, which separate the Andaman Sea from the Indian Ocean.
Further to the east, a divergent boundary separates the Burma plate from the Sunda plate. More
specifically, in the region off the west coast of northern Sumatra, the India plate is moving in a
northeastward direction at about 5 to 5.5 cm per year relative to the Burma plate.
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The 26 December 2004 earthquake was followed by numerous strong aftershocks. As of 1
January, 2005, there were about 84 aftershocks with magnitudes ranging from 5.0 to 7.0 in the
region of Northern Sumatra and the Nicobar and Andaman Islands. Twenty six (26) of these -
including the largest- occurred on 26 December 2004, the same day as the main earthquake. Since
1 January 2005, many more aftershocks have followed continued for several weeks and months.
Some of the major aftershocks occurred in the vicinity of the epicenter of a past earthquake which
had occurred on 26 June 1941 and some in the area near the Nicobar Islands where the 1881
earthquake had occurred. The distribution of afteshocls suggests that the earthquake resulted by
the sudden slip of these two plates and that there was a slip as well as an upward thrust of the
Burma plate along this boundary.

3.1 Chronological Sequence of Major Aftershocks Along the West Coast of Northern
Sumatra and in the Nicobar and Andaman Island Region Following the Major Earthquake
of 26 December 2004

The distribution of the larger aftershocks indicated that the two tectonic plates (the India plate
and the Burma subplate) slipped for about 1,200 km along their boundary. The aftershocks
extended from northern Sumatra (approximately 3 degrees North Latitude) to the Andaman
Islands (approximately 14 degrees North). Therefore, the length of the overall rupture is estimated
to be about 1,200 km. However, the slippage does not appear to have been continuous. It appears
that it occurred in two phases along two sections of the great fault that parallels the Sunda Trench.
The rupture started near the epicenter off the western coast of North Sumatra and progressed - at a
fast rate - northward to the Andaman islands along a preexisting major fault. For the first 500-600
km the orientation of the rupture (the quake's strike) was appoximately 320-330 degrees.
Subsequently the rupture continued - at a much slower rate in an approximate North-South
direction - for another 500-600 km along another segment of the northern Sunda fault system.
This is probably the same segment that ruptured during the 1941 Andaman Islands earthquake -
which also generated a destructive tsunami.

It has been estimated that this megathrust faulting along the India and Burma boundary has
resulted in a shift that averaged about 15 meters with maximum slip being 20 meters. The vertical
upward movement of the sea floor may have been several meters - possibly as much as 5 meters
or more in some places. At some of the islands there may have been subsidence while at others
there was upthrusting.

3.2 The Great Tsunami of 26 December 2004 in the Indian Ocean

The great earthquake of December 26, 2004 was extremely damaging and resulted in many
deaths. However, most of the destruction and deaths were caused by the catastrophic tsunami
waves it generated. Massive tsunami waves wiped out entire coastal areas across southeastern
Asia, Sri Lanka, India, Thailand, Myanmar and islands in the Andaman Sea and the Maldives in
the Indian Ocean.

The tsunami waves caused considerable destruction and killed people more than 2,000
kilometers away, in the Seychelles and in Somalia. As of February 10, 2005, the global death toll
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was raised to 226,566 and continued to rise. The demographics in this part of the world are not
very good, so the final number of deaths cannot be established with certainty.. There are many
remote islands in the Nicobar, Andaman, Maldives and off the African coasts, so there were many
unreported deaths.

In total, the large tsunami struck 11 of the nations that border the Indian Ocean, and it was a
complete surprise for the people living there, but not for the scientists who are aware of the
tectonic interactions in the region. Many seismic networks recorded the massive earthquake, but
there was no tide gauges or other wave sensors to provide confirmation as to whether a tsunami
had been generated. There was no established communications network or organizational
infastructure to pass a warning of any kind to the people coastlines. At the time, there was no
Tsunami Warning System for the Indian Ocean as there was for the Pacific. The Pacific Tsunami
Warning Center in Honolulu had no way of providing warning information to the region. Part of
the problem was that most of the countries in the region had underestimated their potential
tsunami threat from the Northern end of the Sunda Trench. Review of historical records would
have revealed that a very destructive tsunami occurred in 1941, in the same general area. This
particular tsunami killed more than 5,000 people on the eastern coast of India, but it was mistaken
for a "storm surge". Thousands more must have gotten killed elsewhere in the islands of the Bay
of Bengal in 1941, but there has been no sufficient documentation. Unfortunately, no Regional
Tsunami Warning System, Preparedness Program, or effective Communications Plan existed at
that time for this part of the world.

3.3 Tsunami Generating Area of the 2004 Earthquake on the Sumatra-Andaman
megathrust

Based on the plate tectonics of the convergence zone that has formed the SundaTrench and on
the earthquake’s aftershock distribution, the tsunami generating area is believed to be a somewhat
irregular, broken up ellipsoid which changes from a Northwest-Southeast orientation of about 330
degrees in the lower section to an almost North - South 360 degrees orientation in the upper
section.

The major axis of this ellipsoid is estimated to be approximately 1,200 km and its minor axis
to be about 180 km. It is believed that this ellipsoid type of block movement occurred along an
oblique but very shallow subduction angle, and that the Burma subplate was thrusted upward by
several meters (by as much as 5 meters in some places) with an oblique lateral movement of as
much as 15 meters and possibly as much as 20 meters along the southern tsunami generating
region. Also, the earthquake's relatively slow slippage along the 1,200 kms long rupture added
additional energy to tsunami generation.

A preliminary estimate of the Tsunami Generating Area in Fig. 6 is a modified USGS map
showing the earthquake epicenter, the distribution of initial major afteshocks, and the interaction
of major tectonic plates along the Sunda Trench. A personal communication received by the
author in early 2005 from Indonesia indicated that at Simeulue, an island close to the epicenter off
the coast of Northern Sumatra, there was only vertical displacement but no tsunami. Surprisingly,
residents of beach communities claimed that no tsunami waves were observed, no deaths from the
tsunami were reported, but that the island
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rose and was now several kilometers longer. No information was provided on how much the
island rose, but preliminary data indicated that it may have been as much as 5 meters.

The reason that the tsunami did not cause deaths and destruction on Simeulu Island is because
the amount of crustal uplift was greater than the height of the waves. Additional eyewitness
accounts or observations helped clarify that this was indeed was the case. A preliminary estimate
was that the tsunami generating area involved about 280-300,000 square kilometers of the ocean
floor. This estimate was verified as more data on aftershock distribution became available and
when tsunami travel times to operating tide gauge stations in the Bay of Bengal were obtained.
Also, based on reports of subsequent field
surveys and subsequently collected data, helped determine the net underea crustal displacements
on the islands off Sumatra and in the Nicobar and Andaman Islands, and a more accurate
determination of the catastrophic tsunami generation of the 26 December 2004 earthquake.
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These results have implications as to why Sri Lanka to the West of the tsunami generation area,
suffered such a great impact, destruction and loss of lives.

3.4 THE TSUNAMI OF 26 DECEMBER 2004
3.4.1 Evaluation of Tsunami Reccurrence in the Region

Indonesia is surrounded by four major tectonic plates, the Pacific, the Eurasian, the Australian and
the Philippine plates. All these major tectonic plates and their subplates are presently active.
Major earthquakes and tsunamis can be expected in the semi-enclosed seas and along the Indian
Ocean side of Indonesia. Major earthquakes in the semi-enclosed seas can generate destructive
local tsunamis in the Sulu, Banda and Java Seas. Major earthquakes along the Sunda Trench can
generate tsunamis that can be destructive not only in Indonesia but to other countries bordering
the Indian Ocean.

Fig. 7 Wave Refraction Map and Travel Times of the 2004 Tsunami in the Indian Ocean
(Wikipedia)
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In the immediate vicinity off Northern Sumatra, most of the stress and energy that had
accumulated were released by the crustal movement that caused the 26 December 2004
earthquake. The subduction of the India tectonic plate underneath the Burma plate caused upward
thrusting of an extensive block and generated the destructive tsunami. There was significant slip
and rupture for about 600 km and possibly a less significant slip for another 400 km along the
Nicobar and Andaman Islands (see Fig 8). Thus, it is unlikely that another major earthquake will
occur in the immediate region off Northern Sumatra for a while, but stress has started building up
again. Also, it is quite possible that not all of the energy was released in the Nicobar and
Andaman section of the Sunda Trench by the 26 December 2004 earthquake - in which case the
next major earthquake could occur there sooner than one closer to Northern Sumatra.
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Fig. 8 Map of the Nicobar and Andaman Islands

Although the danger of another major tsunami has passed trmporarily in the region small local
tsunamis could possibly be generated by smaller magnitude earthquakes. Aftershocks from such
events can be expected to last for months in the region, but they would diminish in strength with
the passage of time. Most of the aftershocks from subsequent to the 2004 earthquakes will result
from the continuous gravitational adjustments of the crustal material that was moved during major
earthquakes and the continuing stress to the North. Such aftershocks represent nature's way of
restoring stability and temporary equlibrium. It is unlikely that a destructive tsunami will occur
again soon in the same region, however caution is advised for the coastal residents in Northern
Sumatra and in the Nicobar and Andaman islands. In fact, strong shaking of the ground in
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an earthquake is nature's warning that a tsunami may be imminent.

Furthermore - and though stress in the region off Northern Sumatra has been released by the
26 December 2004 earthquake, this does not necessarily mean that another earthquake further
north or further south cannot occur. In the North, a repeat of the 1881 Nicobar Islands or of the
1941 Andaman Islands earthquakes and tsunamis can be expected in the future - although it is
difficult to say how soon (see Fig. 9 below). Such events seem to occur on the average of every
50 years so a strong, destructive earthquake is long overdue.

Further to the South, the movement of the tectonic plates added stress along other tectonic
boundaries. A repeat of earthquakes and tsunamis along the Sunda Trench off the central region
of Western Sumatra, as in 1833 (magnitude 8.7) and 1861, is very possible in the future (see Fig.
9). Such earthquakes and tsunamis can be expected every hundred years or so. In fact, the 26
December 2004 earthquake occurred along the section that did not rupture during the 1861
earthquake. It took approximately 144 years to occur. However, this does not mean that it will
take that long for the next destructive tsunami to occur again off central or northern Sumatra.
Destructive tsunamis are possible in the next 20 years or less. A repeat of the 1833 earthquake
could generate a devastating tsunami. This section of the Sunda megathrust is one of the more
likely sources of a destructive tsunamis in the region.

Malaysia - Despite Malaysia's proximity to the tsunami generating area, the impact of tsunami
was not as severe as in other countries in the region or countries thousands of kilometers away.
Malaysia was partly sheltered by Sumatra and the tsunami waves attenuated somewhat in the
Straits of Malacca. However, there were numerous deaths and destruction reported. The country's
worst affected areas were the northern coastal areas and the outlying islands. Hardest hit were
Penang, Kedah, Perak, Selangor and Langkawi. It was reported that the red flag warning system
used by lifeguards on beaches in some resort areas in Penang helped reduce fatalities there.
Houses in fishing villages along coastal areas were damaged in Batu Maung and Bayan Lepas in
Penang. Coastal areas in Peninsular Malaysia and 13 villages in Kuala Muda, Kedah and Kuala
Triang in Langkawi Island were also affected. About a quarter of the boats anchored in Rebak and
Telaga harbour in Langkawi were damaged. The number of deaths was reported as 67 or 68 with
52 in Penang, 10 in Kedah, 3 in Perak and 1 in Selangor. Another 6 were missing and presumed to
be dead.

Myanmar - The mainland of Myanmar was somewhat sheltered from the full impact of the
tsunami by the numerous offshore islands. Also the approximate North-South orientation of the
tsunami generating area resulted in waves of lesser amplitude traveling northward. Still the
tsunami caused numerous deaths and destruction in Myanmar. Reportedly 90 people were killed,
but eyewitnesses estimated that more than 600 people died. 788 buildings were reported as
damaged or destroyed, and 30,000 people were displaced.

Andaman and Nicobar Islands — The 2004 tsunami hit hard the Andaman and Nicobar group,
which comprises of a total of 572 islands of which 38 were significantly inhabited. The waves
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literally washed away some of these islands, and there were reports that the island of Trinket had
split in two. The Great Nicobar and Car Nicobar were the worst hit among all the southern
Nicobar Islands because of their proximity to the earthquake's epicenter and relative low
topography. The maximum tsunami wave reached a height of 15 meters. According to reports one
fifth of the population of the Nicobar Islands were killed, injured or missing. Chowra Island lost
two thirds of its population of 1,500. The official death toll was 812, but about 7,000 were
reported as missing. However the unofficial death toll (including those missing and presumed
dead) is estimated to have been about 7,000 or greater. Previous major tsunamigenic earthquakes
in 1881 and 1941 impacted severely both the Andaman and the Nicobar group of islands (Fig. 9).
On 30 December 2004, four days after the great 2004 earthquake, the Barren volcano on Barren
Island - located 135 kilometers (80 miles) northeast of the capital Port Blair - erupted.
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Fig. 9 Historical Earthquakes and Tsunami Generation areas of the 1941 and 1881 and of the
1861 and 1833 Earthquakes
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Other seismic regions further South and East of Sumatra have the potential of generating
destructive tsunamis even sooner. As in 1977, a major tsunami could be generated in the eastern
section of the Sunda Trench that would affect not only Indonesia, but the northern and
northwestern coasts of Australia.

Also impacted greatly by the 2004 tsunami was the Peninsula of Acep Meulaboh in Northern
Sumatra - one of the hardest hit by the tsunami areas (Fig. 10).

Fig. 10 Peninsula of Acep Meulaboh in Northern Sumatra - one of the hardest hit by the tsunami
areas.

3.4.2 Effects of the 26 December 2004 Tsunami in the Bay of Bengal and in the Indian
Ocean

Waves of up to 10.5 meters in height struck Northern Sumatra, the Nicobar and Andaman Islands,
Thailand, Sri Lanka, India. Destructive waves also struck the Maldives, Somalia, Kenya and the
islands off the African coast. The tsunami was recorded by tide gauge stations not only in the
Indian Ocean, but in the Pacific as well. In Manzanillo, Mexico, the tide gauge recorded a wave of
2.6 meters.

Eighteen (18) countries bordering the Indian Ocean were affected by the 2004 tsunami. These
were: Indonesia, Thailand, India, Sri-Lanka, Malaysia, Myanmar, Bangladesh, Maldives, Reunion
Island (French), Seychelles, Madagascar, Mauritius, Somalia, Tanzania, Kenya, Oman, South
Africa and Australia.
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Death Toll - The 2004 tsunami had its greatest impact and casualties in Indonesia, Thailand,
India, Shri-Lanka, Malaysia, Myanmar, Maldives and Somalia. Eleven (11) countries reported
deaths, some in tens of thousands.The reported death toll has been as 226,566. However, this is an
underestimate as thousands more were reported as missing and many more may have been killed
in remote islands. More than 1.5 million people were left homeless around the region.

The following is a brief summary compiled from numerous government, U.N., and media
sources:

INDONESIA - Tsunami waves of the 2004 tsunami up to ten meters swamped the smaller
outlying islands of Sumatra as well as its northern and western coastal areas - about 100 km (60
mi) from the earthquake epicenter. Hardesh hit was the northern Aceh province. Nearly all the
casualties and damage took place within this province. Very heavy damage occurred as far South
as Tapatkuan. The waves also propagated around the northern tip of Sumatra into the Straits of
Malacca and struck coastal settlements along the northeast coast as far east as Lhokseumawe.

According to official reports (Ministry of Health) 166,320 people were killed, 127,774 were
missing and 655,000 people were displaced in Northern Sumatra. A total of 110 bridges were
destroyed, 5 seaports and 2 airports sustained considerable damage, and 82% of all roads were
severely damaged. However the death toll was probably much higher. The following is a
summary of the 2004 tsunami impact in Northern Sumatra:

Banda Aceh - The tsunami waves completely destroyed the city of Banda Aceh's
infrastructure and killed thousands of its inhabitants. Banda Aceh is the capital of the Aceh
province. in Northern Sumatra. Fig. 11 is a satellite image of Banda Aceh peninsula taken on 2
Jan 2005.

Fig. 11 Another Satellite image of Banda Aceh taken on 2 Jan 2005
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Leupung - The tsunami completely obliterated Leupung, a town in the district
(Kabupaten/Kota) of Aceh Besar, close to the city of Banda Aceh. Most of the town's 10,000
inhabitants perished. It is estimated that only two to seven hundred people survived.

Gleebruk - The waves completely destroyed Gleebruk, a village in the district
(Kabupaten/Kota) of Aceh Besar just to the southwest of Banda Aceh.

Teunom - The tsunami hit hard Teunom, a town of 18,000 people in the Aceh Barat (West
Aceh) district of the Province of Aceh. According to official estimates about 8,000 people lost
their lives.

Calang - The waves completely devastated Calang, the capital of the district. Only about 30
per cent of the town's population survived. Prior to the tsunami the town's population was
estimated to be between 9,000 and 12,000.

Meulaboh - A series of seven waves killed about 40,000 people and destroyed port facilities
and most parts of Meulaboh, a town with a population of 120,000. About 50,000 people were left
homeless.

Simeulue Island - Tsunami waves of about 5 meters in height struck the island. Although
Simeulue was close to the earthquake's epicenter, suprisingly none of the island's 70,000
inhabitants were killed by the waves. Only five people died as a result of the earthquake which
destroyed about 90% of all buildings along the coast. Apparently, the island rose which accounts
for the lower wave heights that were observed. Also, villagers on the island had an awareness of
the dangers of tsunamis, emphasized by traditions memoralizing a destructive tsunami in 1907
that had killed thousands of people.

Nias Island - The island was severely impacted by the tunami which killed many people and
severely damaged all existing infrastructure. Original official accounts gave the number of dead at
122, but these appear to be underestimates. According to unconfirmed sources the waves killed
600 people and the final death toll may ecxeed 1,000.

THAILAND - The tsunami struck six provinces in West Thailand causing great damage and
deaths. Figure 12 is a map of Thailand, showing in red the areas and coastal areas that which were
impacted. The first of the tsunami waves reached the resort of Phi Phi island. The arrival of the
tsunami was heralded by a recession of the water, which exposed the sea bottom for considerable
distance, including previously submerged rocks. According to eyewitness reports, the first wave
arrived at about 10:30 am local time and it was about 4 meters high. The second wave arrived
about 2.5 minutes later and it was 7 meters. The third wave was about 11 meters. The waves
destroyed all beachfront hotels, bungalows and other structures at Phi Phi, hurling boats and other
floating objects. All electricity and phone lines were cut. The highest reported wave was 11.6
meters at Khao-Lak beach (Fig. 14). Thai Government sources initially reported 5,313 deaths,
8,457 injuries and 4,499 missing, including more than 1,000 foreign tourists. Many of the missing
were presumed to have died. Most probably the death toll was higher than what it was initially
reported. Fig. 13 is a photo of tsunami destruction at Thailand's Khao Lak Beach.
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Fig. 13 Tsunami destruction at Thailand's Khao Lak Beach
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INDIA

The estimated number of casualties in India was reported at 16,000, with at least 6,000 more as
missing. Then death toll was probably underestimated. Along India's southeastern coast, several
villages were swept away, and thousands of fishermen at sea were missing. On the western coast
of India' mainland, hardest hit was the state of Tamil Nadu. Many tourist hotels in India had to be
evacuated. The following is a brief description of some of the 2004 tsunami impact on coastal
regions of India.

Andhra Pradesh - There was significant loss of life and destruction. The affected districts
were Krishna, Prakasam, Nellore, Guntur, West Godavari and East Godavari.

Kerala - The tsunami killed many people (official toll 168) and caused extensive destruction
particularly at Kollam (131 dead), Alappuzha (32) and Ernakulam (5) were also affected.

Pondicherry - In the Union territory of Pondicherry, the affected districts were Pondicherry
(107 dead), Karaikal (453 dead). The latest official toll was 560. An estimated 30,000 people were
rendered homeless.

Tamil Nadu - The tsunami had a great impact on the state of Tamil Nadu on India's mainland
with entire coastal villages destroyed. According to official reports the overall death toll in the
state was 7,793. The Nagapattinam district had 5,525 casualties. The latest reported death toll at
Velankanni was 1,500. Kanyakumari district has had 808 deaths, Cuddalore district 599, the state
capital Chennai 206 and Kancheepuram district 124. The death tolls in other districts were
Pudukkottai (15), Ramanathapuram (6), Tirunelveli (4), Thoothukudi (3), Tiruvallur (28),
Thanjavur (22), Tiruvarur (10) and Viluppuram (47). The death toll may be significantly higher as
many are still missing. The nuclear power plant at Kalpakkam was shut down after seawater
rushed into a pump station. No radiation leak or damage to the reactor was reported.

SRI-LANKA

The first of the tsunami waves took a little over two hours to reach Sri-Lanka. A clock on the
western side of Sri Lanka at Colombo stopped at 9:20 in the morning, so the tsunami travel time
to Colombo (first wave) must have been about 2 hours and 20 minutes. Sri-Lanka's south and east
coasts were hardest hit. More than 50,000 people lost their lives - mostly children and the elderly.
Most of them (more than 1,200) were in the eastern district of Batticaloa.

At Trincomalee in the northeast, the tsunami reached more than 2 km (1.25 mi) inland killing
about 800 people. In the neighboring Amparai district alone, more than 5,000 people died. The
naval base at Trincomalee was reported to be submerged. About 3,000 more people died in
Mullaitivu and Vadamaradchi East. A train, known as the "Sea Queen", while traveling between
Colombo and Galle, with 1,600 passengers on board, was struck and derailed by the tsunami.
Only about 300 of the passengers survived. More than one and a half million people were
displaced in Shri-Lanka and the death toll is expected to rise.
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MALDIVES

The waves flooded two-thirds of Male, the capital. Hardest hit were the outlying low-level atolls.
Some other low-lying islands were completely submerged, including some where major resorts
were located. Preliminary reports stated that the tsunami killed 82, that 26 were missing, and that
there was extensive destruction. However, communications with remote islands were down and
the death toll must have been higher than what was reported. Thirteen islands were abandoned
because all buildings were destroyed and the fresh water supply was contaminated by seawater.

SOMALIA

The tsunami waves traveled a distance of 4,500 km (2,800 miles) and struck Somalia on Africa's
east coast. The height of the tsunami waves was unknown. Hardest hit was the semi-autonomous
Puntland area, particularly the region between Hafun in the Bari region and Garacad in the Mudug
region. The narrow and low-lying peninsula of Hafun, 1,150km (715 miles) northeast of
Mogadishu, was particularly devastated.

The waves caused devastation in the Puntland area, striking the town mosque of Brava and
destroying the villages of Beyla, Garacad, Muduy and Nugaal. Other coastal areas including
Lower Juba were also affected. At Kulub and Hurdiye, all the fishing boats were either lost or
destroyed.

According to a UN report 1,180 homes and 2,400 boats were destroyed. The main bridge,
which connects Hafun to the mainland, was washed away. Te flooding rendered freshwater wells
and reservoirs unusable. A total of 298 people lost their lives and 50,000 more were displaced.
The final death toll is expected to rise as there are many more missing.

AUSTRALIA

No casualties were reported. The tsunami caused minor flooding along the northwestern coast and
surging activity was reported along Western Australia. At Geraldton, 425 km north of Perth,
several boats were ripped from their moorings. At Busselton, 325 km south of Perth, a father and
son in a boat were washed out to sea, but were subsequently rescued. Swimmers at Christmas
Island were sucked 150m out to sea by the tsunami. Subsequently they were carried safely back to
shore.

BANGLADESH

The tsunami's impact was relatively mild. The waves killed two children and capsized a tourist
boat.

KENYA

There was minor damage. One person was report
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3.4.3 Lessons Learned from the 26 December 2004 Tsunami in the Indian Ocean

There were many lessons already learned from this tragic event in Southeast Asia. Indeed a bitter
lesson has been already learned - that great earthquakes and destructive tsunamis do occur in this
region of the Indian Ocean and will occur again in the near future. The magnitude of the 2004
tsunami disaster could have been mitigated with a proper disaster preparedness plan and a
functioning early warning system. A warning perhaps could not have been of much help in the
immediate tsunami generating area of Sumatra and the Nicobar and Andaman Islands and
Northern Sumatra, because the tsunami waves reached the shore very quickly. However the strong
shaking by the earthquake should have been nature's warning for the local residents that a tsunami
was imminent and they should have run to higher ground to save their lives. A simple program of
public education and awareness of the potential hazards could have saved many lives in the
immediate area.

For the more distant coastlines of India, Shri-Lanka, and other locations in the Bay of Bengal
and the Indian Ocean, there was ample time to issue a warning - if only an early warning system
existed for this region of the world and if there was a way of communicating the information to
the coastal residents of threatened areas. No such warning system existed at that time. It was
reported that in many areas where there was extensive losses of lives, when the water withdrew
before the arrival of the tsunami, the local residents went to the shore to collect stranded fish,
instead of running to higher ground. People were totally unaware of the imminent danger. A
simple educational program on hazard awareness could have prevented the extensive losses of
lives - particularly of children. One third of those that perished were children.

The Tsunami Warning System - which operates in the Pacific Region - did not have at that
time the capability of extending a warning to countries bordering the Indian Ocean. Although the
magnitude and location of the earthquake were quickly determined, there were no wave sensors in
the area to confirm the generation of a tsunami. Although both Indonesia and Thailand were
members of the Pacific Tsunami Warning System network, they did not at that time operate wave
sensors on the western coasts of their islands and territories.

Also India and Shri Lanka were not members of the International Tsunami Warning System in
the Pacific and up to that disaster they had not shown interest in joining any regional early
warning system. An erroneous belief persisted that tsunamis do not occur frequently enough to
warrantee participation into a regional tsunami warning system. Local government authorities in
the region did not even have a plan for disseminating warning information to the threatened
coastlines - even if a warning had been provided. There was not even a basic educational plan for
disaster preparedness. However, since 2004 countries bordering the Indian Ocean have initiated
programs that will reduce similar tragedies and losses in the future. It should be obvious that such
programs are necessary to prevent similar tragedies in the future.
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4. THE ANDAMAN SEA BASIN

The Andaman Sea Basin (see Fig. 1) is is a forearc sliver plate and a seismically active region
at the southeastern end of the Alpine-Himalayan belt. Its seismicity is extensively covered in the
scientific literature (Sinvhal et al.1978; Verma et al. 1978). The seimotectonic history of the
region indicates that an extensional feature developed along a
leaky transform segment of the megashear zone - the Andaman fault - between the Indo-
Australian domain and the Sunda-Indochina block (Uyeda and Kanamori, 1979; Taylor and
Karner, 1983). This old shear zone acted as a western strike slip guide for the extrusion of the
Indochina block 50-20 My ago, (Tapponnier et al., 1986) - and in response to the indentation of
the Indian tectonic plate into the Eurasian block. Collision of Indochina with the Sunda and
Australian blocks stopped this crustal extrusion process. Subsequently, the Andaman fault system,
recently prolonged through the Sumatra zone (the Sumatra fault), reactivated due to the lateral
escape of the Sumatra forearc sliver plate, and as a result of the oblique convergence and
subduction with the Indo-Australian plate.

4.1 Potential for Large Earthquakes and Tsunamis in the Andaman Sea in the Future.

Most of the earthquakes along the eastern Andaman fault system involve lateral movements,
as this represents an elongated extension of the strike-slip type of the great Sumatra faulting
which extends along the entire length of the island. Earthquakes along this eastern region of the
basin do not generate significant tsunamis. However, the western side of the sliver plate is an
extension of the northern Sunda Arc boundary, which can break — as the 26 December 2004 and
the 1941 events demonstrated - and generate destructive tsunamis. Furthermore, the region where
the 2004 earthquake occurred was a seismic gap region where great stress had accumulated over
the years. When this earthquake occurred, the Indian plate subducted the Burma plate and moved
in a northeast direction. This movement caused further dynamic transfer and loading of stress to
both the Australian and Burma plates, immediately to the south, on the other side of the triple
junction point near Padang (Pararas-Carayannis, 2005, 2006, 2007). The following is a cursory
evaluation of potential future earthquakes and of tsunami generation in the Andaman Sea basin.
Fig. 1 showed the Andaman Sea Basin and the northern section of the Indonesian Island of
Sumatra, as well as the southwestern coast of Thailand.

The present study reviews previous studies and expands on an analysis of potential future
destructive earthquakes and the projected tsunami generation from this region of the Andaman
Sea. Fig. 4 showed the northward movement of the Indian and Australian blocks and the
collision with Asia. Fig. 5 showed the seismicity of southern Asia and the partial distribution of
earthquake epicenters with Ms magnitude above 3 in the northern Indian Ocean. Active
subduction and sinistral crustal movements in the Andaman Sea Basin, have caused many minor
and intermediate earthquakes, a few major events, and only one known earthquake with
magnitude greater than 8. The historical record indicates that on 2 April 1762, an earthquake with
a moment magnitude estimated to be between 8.5-8.8 M,
at the Arakan Coast off Myanmar generated the earliest known tsunami in the Bay of Bengal
(Rastogi & Jaiswal, 2006).
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According to a study at the Australian National University of the fault model for this 1762 Arakan
earthquake (Cummins, 2007), its rupture had length of 700 km, NS, a width of 125 km along the
eastern coast of the northern Bay of Bengal, and a slip of 10 m. In brief, the author chose
parameters to reproduce roughly the observed subsidence and uplift associated with this
earthquake with the fault's upper edge coincident with the deformation front, thus estimating the
maximum offshore heights of the generated tsunami, recognizing though that the onshore run-up
could be much greater, and finally concluding that giant tsunamigenic earthquakes have occurred
in the past off the coast of Myanmar and will occur again in the future. Fig. 14 below pertains to
the earthquake tsunami generating area of the 1762 Arakan event and of the maximum offshore
tsunami height in meters.

Specifically, on October 1847, an earthquake near the Great Nicobar Island generated a
tsunami, but no details are available. On 31 December 1881 a magnitude 7.9 earthquake near Car
Nicobar, generated yet another tsunami in the Bay of Bengal. Its height recorded at Chennai was
one meter.

During an eighty year period from 1900 to 1980, a total of 348 earthquakes were recorded in
the area bounded by 7.0 N to 22.0 N and 88.0 E to 100 E. These earthquakes ranged in magnitude
from 3.3 to 8.5 (Bapat, 1982), but only five of these had magnitudes equal to or greater than 7.1
and generated tsunamis (Murty and Bapat, 1999). For the shorter period from 1916 to 1975, only
three of the earthquakes had magnitudes greater than 7.2 and generated significant tsunamis.
(Verma et al., 1978).
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Fig. 14. Models for the 1762 Arakan earthquake and tsunami (after Cummins, 2007)
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Until the great earthquake of 26 December 2004 (Pararas-Carayannis 2005; Ishii EtAl 2005,
2007; Kriiger & Ohrnberger 2005; Rastogi & Jaiswal, 2006; Hutchings & Mooney 2021), only the
earthquake of 26 June 1941 had been the strongest ever recorded in the

vicinity of the Andaman and Nicobar Islands (Fig. 15) in generating a destructive tsunami. Two
other earthquakes on 23 August 1936 and 17 May 1955, with magnitudes 7.3 and 7.25,
respectively, did not generate tsunamis of any significance.

ISLANDS
anm

LOW - HILLS

Fig. 15. World Atlas map of the Andaman and Nicobar Islands, North of Sumatra are the two
main island groups separating the Bay of Bengal and the Andaman Sea (image of
GraphicMaps.com)

Based on the statistical information, it can be concluded that most of the earthquakes in the
Andaman Sea Basin, even those with magnitudes greater than 7.1, do not usually generate

significant tsunamis. The possible reason for the low number of tsunamis is that most of the
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earthquakes in the Andaman Sea are mainly associated with strike-slip type of faulting that
involves lateral crustal movements. The exception was the 26 December 2004 earthquake which,
not only ruptured the Great Sunda Arc along the northern Sumatra region but also ruptured the
same segment in the Andaman Sea as that in 1941. A possible explanation for the extreme
tsunami generated in the Andaman segment on 26 December 2004 is that this event had a
different mechanism and involved both thrust and bookshelf faulting within the compacted
sediments of the Andaman Sea segment of the Great Sunda Arc (Pararas-Carayannis, 2005).

In view of the above historical record, it can be reasonably concluded that large earthquakes
along the northern end of the Great Sunda subduction boundary in the Andaman Sea do not occur
frequently. However, events with magnitudes greater than 7.1
have the potential of generating local destructive tsunamis. Finally, earthquakes with magnitude
8.0 or greater, associated with “dip-slip” types of vertical crustal displacements along thrust
faults, have the potential of generating very destructive tsunamis. Reccurence of such larger
magnitude events may be expected in the future, although rather infrequently.

5. FUTURE TSUNAMIGENIC EVENTS ALONG THE NORTHERN AND EASTERN
SEGMENTS OF THE GREAT SUNDA TECTONIC ARC

The tectonic arc and the great trench formed by movement of the Indian and Australian tectonic
plates and collisions on the eastern boundary have created a zone of subduction known as the
great Sunda Arc. This zone extends for about 3,400 miles (5,500 kms) south from Myanmar, past
Sumatra and Java and east toward Australia and the Lesser Sunda Islands, ending up near Timor.
Fig. 16 is a map of the subduction zone of the great Sunda tectonic arc on the Indian Ocean. Also
shown are major fault zones along the Island of Sumatra and on Celebes Island in the Banda Sea,
and future potential tsunami generation in the marginal seas of the Indian Ocean, can be expected
in the future.
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Fig. 16. Map of the subduction zone of the great Sunda tectonic arc in the Indian Ocean, and on
major land fault zones along Sumatra and on Celebes Island in the Banda Sea.
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In brief, the Sunda Arc is an island-arc structure of about 17,000 islands spread out along a belt of
intense volcanic and seismic activity. Such tectonic features characterize the region with a deep
oceanic trench on the Indian Ocean side, a geanticline belt and volcanic inner arc, and several
marginal basins. This region of the Indian Ocean has about 400 volcanoes, of which about 100 are
active. The best known of these volcanoes is Krakatau in the Sunda Strait, between Java and
Sumatra. The 1883 explosion and collapse of this volcano generated an enormous tsunami that
killed close to 37,00 people (Pararas-Carayannis, 2003). Also, other volcanoes such as Tambora
have the potential of generating catastrophic tsunamis that could have an impact on the islands
and countries bordering the Andaman Sea

The Sunda Arc comprises of two distinct zones of subduction North of Sumatra (Fig. 17). In
the eastern part, further south which is relatively old (more than 100 million years), oceanic
lithosphere subducts offshore from Java.

"

Fig. 17. Subduction zone and directionality of crustal movements of major faults along the
northern segment of the Great Sunda tectonic arc near northern Sumatra and the Andaman and
Nicobar Islands further North.
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The younger (40 million years) northwest segments of the Arc mark the boundaries formed by the
movement of the Indo-Australian plate as it collides with the Burma sub-plate, which is part of the
Eurasian plate. A divergent boundary separates the Burma plate from the Sunda plate. The Burma
sub-plate encompasses the northwest portion of the island of Sumatra as well as the group of the
Andaman and the Nicobar Islands (Fig. 17).

In the region off the west coast of northern Sumatra, the India plate is moving in a
northeastward direction at about 5 to 5.5 cm per year relative to the Burma plate. Because of this
migration and collision with both the Eurasian and the Australian tectonic plates, the India plate's
eastern boundary has become a diffuse zone of seismicity and deformation, characterized by
extensive thrust faulting and numerous large earthquakes that can generate destructive tsunamis in
the future that could affect the Andaman and Nicobar islands and countries bordering the
Andaman Sea.

5.1 Potential for Future Tsunami Generation in the Andaman Sea and along the Northern
and Eastern Segments of the Great Sunda Tectonic Arc.

Major and great earthquakes and tsunamis occur in the Andaman Sea and further south along the
Sumatra, Java and Lesser Sunda segments of the great Sunda Arc. As shown in Fig. 18 of the
northern segment of the great Sunda tectonic arc, the 12 September 2007 earthquake occurred
offshore.

15°

Epicenter
Sept. 12, 2007

90’ 105" 120
Fig. 18. Estimated dimensions of the tsunami generating source areas off the coast of the island

of Sumatra and the Andaman Sea associated with the earthquakes of 1833, 1861, 2004, 2005 and
2007 (Pararas-Carayannis, 2005) https://www.drgeorgepc.com/Tsunamil833Indonesia.html
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Following is a review of studies of the different segments of the Great Sunda Tectonic Arc
(Newcom & McCann, 1987). Also included is a summary of the seismic history and tectonics of the
Sunda Arc with accounts and illustrations of past historical earthquakes (Fig. 18), which most
likely will occur again in the future and may have an impact on islands and countries bordering
the Andaman Sea.

Shown in Fig. 18 are major earthquakes which occurred in 2004 (on two segments 1&2)
which generated tsunami events near the Andaman and the Nicobar Islands but also impacted the
countries bordering the Andaman Sea Basin. Earthquakes in 1861, 1833 and 12 September 2007
generated destructive tsunami waves which, because of source orientation toward the south-west,
had very little or no impact in the Andaman Sea Basin.

Apparently along the Northern and Easten segments of the Great Sunda megathrust (Fig. 19),
destructive earthquakes and tsunamis can be expected to recur at least every hundred years, or
even more frequenly in the near future, as each earthquake results in seismic stress tranference on
adjacent tectonic blocks. Examples of such seismic stress transference is that caused by the 30
March 2005 and the 12 September 2007 tsunamigenic earthquakes shown above in Fig. 18.

India (IN) a
Hﬁp[@ﬁm@ Sea (PS)

\j\- Ninety East - Sumatra

Sunda megathrust

/

. /‘ Australia (AU)

Fig.19. The Sunda megathrust and other subduction zones in adjacent seas of the Indian Ocean
where future tsunamigenic earthquakes can be expected..
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5.2 Sumatra Segment Tectonics — Past and Future Earthquakes and Tsunami

To summarize, the northern segment of the Great Sunda arc is one of the most seismically active
regions in the world. The northern segment and its extension into the Andaman Sea is a region
where large earthquakes and tsunamis can be expected frequently in the future. As the 26
December 2004 event demonstrated, tsunamis originating from this region can impact severely
islands and countries bordering the entire Indian Ocean and the Andaman Sea (Pararas-
Carayannis, 2005).

Because of seismic stress tranference, tsunamigenic earthquakes can be expected to occur in
sequence, as the earthquake 28 March 2005, with revised moment-magnitude Mw=8.6 Mw,
demonstated on the Sunda megathrust (see Fig. 18 above) near the Nias-Simeulue Island chain,
paralleling the west coast of northern Sumatra. This earthquake generated a destructive tsunami
of 3.0 meters ( 9.8 feet ), and 915 to 1,314 people on the island of Nias lost their lives injuring
also 1,146 people. This event occurred only three months after the great 25 December 2004
earthquake off the coast of northern Sumatra.

Also, the historic record shows that large earthquakes with magnitude greater than seven
struck the offshore islands of Western Sumatra in 1881, 1935, 2000, and 2002. Earthquakes with
magnitude greater than M=8 struck the same region in 1797, 1833, 1861, 2004, 2005, and as
recently as on 12 September 2007, as shown in Fig. 18 (Pararas-Carayannis, 2007). Subduction of
the India and Australian plates beneath the Burma plate was the cause, and this process will
apparently continue in the near future. The following is a brief summary of some of the events
cited above and of their expected recurrences in approximately the same areas, as in the past.
Based on the history of past destructive earthquake and tsunami events, future large earthquakes
are expected to occur in the region, which will generate destructive tunamis that will impact not
only Sumatra and other areas of the Indian Ocean, but also the islands and countries bordering the
Andaman Sea Following is a brief review of some of the historical earthquake and tsunami
events in this region of Sumatra that could also affect the countries bordering the Andaman Sea,
although to a lesser extent because of the southwest orientation of tsunami sources along the
Sunda megathrust. Following is a brief discussion of major past events in the Andaman Sea, and
adjacent Seas which had a far-reaching impact in coastal commuities in countries bordering the
entire Indian Ocean.

The 25 November 1833 Earthquake and Tsunami - This was a significant Sumatra
earthquake with a moment magnitude of 8.8 to 9.2 M,, which occurred on 25 November 1833 (see
Fig. 9). Destructive tsunami waves struck mainly the southerwestern coast of the island. There
are no reliable records of the loss of life, with the casualties being described only as “numerous”.
The magnitude of this event has been estimated using records of uplift taken from coral
microattolls (Natawidjaja EtAl, 2006; Rastogi & Jaiswal, 2006; (Pararas-Carayannis, 2005c -

http://drgeorgepc.com/Tsunamil833Indonesia.html ).

The 1861 Sumatra Earthquake and Tsunami. This Sumatra earthquake of 16 February
1861 (see Fig. 9), was one of a series of events on the Sunda megathrust which generated a
tsunami off the west coast of the island and caused several thousands of deaths. It was the last in a
sequences of earthquakes that ruptured adjacent parts of the Sumatran
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segment of the Sunda megathrust. The earthquake was felt as far away as the Malay peninsula and
the eastern part of Java (Newcomb & McCann, 1987). A future reccurence of a large magnitude
earthquake on this segment of the Sunda megathrust is expected to also generate a tsunami which
will affect the islands in the Andaman Sea, but not to the same extend because of the orientation
of the fault zone and the tsunami maximum wave propagation towards the South-West of the
Indian Ocean.

The 31 December 1881 Car Nicobar Earthquake and Tsunami. On 31 December 1881
(see Fig. 9) a submarine earthquake beneath the Andaman Islands generated a tsunami with a
maximum crest height of 0.8 meters, which was recorded by tide gauges surrounding the Bay of
Bengal. Very little is known about its rupture parameters or location. Modeling study of the
tsunami indicates that it was generated by a M,, = 7.9 + 0.1 rupture on the India/Andaman plate
boundary and that there was an uplift of 10-60 cm of the island of Car Nicobar (Ortiz & Bilham,
2003). Specifically, the referenced study concluded that the rupture consisted of two segments.
The northern 40-km-long segment was separated from the southern 150-km-long segment by a
100-km region corresponding to the westward projection of the West Andaman spreading center.
Also stated was that the main rupture of this earthquake occurred between 8.5°N and 10°N, had a
total area of 150 km x 60 km, a dipping 20°E, and a mean slip of 2.7 m. The recurrence time for
1881-type of events was estimated to be about 114-200 years, based on the basis of inferred GPS
convergence rates and inferred plate closure vectors, although slip partitioning in the region may
extend this estimate by as much as 30%, a rather long period of time.

The 28 March 2005 Nias-Simeuele Earthquake and Tsunami. The Nias—Simeulue
earthquake occurred on 28 March 2005 off the west coast of northern Sumatra in Indonesia (Fig.
19). The event caused panic in the Northern Sumatra region, which had already been devastated
by the massive tsunami waves of 26 December 2004, but this earthquake generated a relatively
smaller tsunami damage, although at least 915 people were killed, mostly on the island of Nias.

The earthquake had a focal depth of 30 kilometers (19 miles) and a moment magnitude of 8.6.
It was the third most powerful earthquake since 1965 in Indonesia. What was surprising about this
event was that it occured in less than three months after the great earthquake of 26 December
2004 and in close proximity. For two great earthquakes to occur so close to each other in time and
space was very unusual. The affected area was 200 kilometres (120 mi) west of Sibolga, Sumatra,
approximately halfway between the islands of Nias and Simeulue, or 1,400 kilometres (870 mi)
northwest of Jakarta. Usually, when a great earthquake occurs, most of the stress is relieved and
another great earthquake may not occur for many years in the same region. However, this is not
always the case, as dynamic stress loading can accelerate the occurrence of another earthquake
along an adjacent seismic zone. Sometimes the opposite occurs and the release of energy on one
segment, may also release stress on an adjacent seismic fault. In this case it appears that the
process
was accelerated rather than delayed. Both of the recent earthquakes had their epicenters near the
triple junction point where the Indian, Australian and Burma tectonic plates meet. Triple junction
points of tectonic plates, particularly in areas of active subduction, are some of the most seismic
areas of the world - capable of causing great earthquakes and tsunamis (Pararas-Carayannis,
2005d). The 1960 Great Chilean Earthquake and Tsunami originated near such a triple point
tectonic junction.
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Fig. 19. Epicenter of the 28 March 2005 Earthquake in relation to the epicenter of the 26
December 2004 and the region affected by the 1861 earthquake (Modified USGS graphic)

The 17 July 2006 Earthquake and Tsunami - Fig. 20 below shows the epicenter of a more
recent 12 July 2006 earthquake and the area of its tsunami generation.

Fig. 20 Epicenter of the 12 July 2006 earthquake and the area of tsunami generation
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5.3 Summary of Expected Future Tsunamigenic Earthquakes Along the Northern and
Eastern Segments of the Great Sunda Tectonic Arc

To summarize, the tectonic regime of the great Sunda tctonic arc is complex and characterized by
geomorphologically evident active faulting and syntaxis which accomodate the continuous
morthward translation and collision of the Indian plate into the Eurasian plate. This is the
northwestern segment of the Sunda subduction system, where the Indian Plate subducts beneath
the Sunda plate in a nearly arc-parallel direction. The entire segment ruptured during the 26
December 2004 great Andaman-Sumatra earthquake. This thrust-dominated plate boundary and
the extrusion of crust in its eastern side results in highly oblique strike-slip dominated boundaries
which extend through Myanmar (Bates & Jackson 1987; Wang EtAl. 2014; Booth EtAL. 2009),
and thus it is expected to have a impact on the seismicity, not only of the Andaman Sea, but also
along the Great Sunda Arc. However this process is extremely slow, so it is thus difficult to
predict or forecast the interactions and reccurence periods of both earthquake and tsunami events
in the region.

When the 26 December 2004 earthquake occurred, the Indian plate subducted the Burma plate
which moved in a northeast direction. This movement caused dynamic transfer and loading of
stress not only to the North but also to both the Australian and Burma plates, immediately to the
south, on the other side of the triple junction point. As a result of such load transfer, the
Australian plate also moved in relation to the Burma plate and probably rotated somewhat in a
counterclockwise direction, causing the subsequent great earthquake of 28 March 2005. However,
the block that moved was relatively small. It is very difficult to forecast on whether this
movement will continue and will stress load another segment of the great Sunda fault to the north
and thus cause another earthquake and tsunami soon. However, another great earthquake similar
to that of 1833 (magnitude 8.7) along the south coast of the western Sumatra, will eventually
occur. That particular earthquake generated a great tsunami. The waves may have been as much
as 10 to 15 meters on the western coast of Sumatra. Luckily, most of the energy from that tsunami
was directed towards the unpopulated regions of the southwest Indian Ocean. When such an event
will occur again, cannot be predicted with any certainty. The only thing known with certainty is
that it will occur in this region. Thus, a Coulomb stress transfer analysis, based on rupture
parameters and the geometric distribution of aftershocks for both the 26 December 2004 and the
28 March 2005 events, would help establish the space-time evolution of stresses and perhaps help
determine both static and dynamic modifications that could possibly trigger future tsunami events
along known faults in the region that may have an impact along northern Sumatra and in the
Andaman Sea. Most of the energy from such tsunami will be directed towards the unpopulated
regions of the southwest Indian Ocean. When such an event will occur again, is difficult to
predict. The only thing known with certainty is that it will occur in this region near Sumatra.
Thus, a Coulomb stress transfer analysis, based on rupture parameters and the geometric
distribution of aftershocks for both the 26 December 2004 and the 28 March 2005 events, would
help establish the space-time evolution of stresses and help determine both static and dynamic
modifications in this region. In summary, major earthquakes can be expected to occur further
southeast along the central coast of Sumatra in the next few years. Any such major earthquake
with magnitude greater than 7 could generate a tsunami in the region, but its impact in the
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Andaman Sea is not expected to be significant. Also, Talang volcano on Sumatra could
experience a major eruption in the distant future.

In conclusion, because of load transfer, the Australian plate moved in relation to the Burma
plate and probably rotated somewhat in a counterclockwise direction, causing the great
earthquake of 28 March 2005. In fact, the 2005 earthquake had occurred in the same region as the
1861 earthquake (see Fig. 18). The block that moved was relatively small in comparison, thus the
tsunami that was generated was not very destructive. However, following the great earthquakes of
2004 and 2005, it appears that there was additional significant transference of tectonic stress
further south/southeast to the central region of Western Sumatra. The latest great earthquake
(magnitude 8.2) of September 12, 2007 (see Fig. 18) and the other two events and aftershocks
(and later a fourth event) occurred even further south/southeast and within the segment that
ruptured when a great (estimated magnitude Mw=8.7) earthquake occurred in 1833 (Pararas-
Carayannis, 2007). Apparently, the September 12, 2007 earthquake (Fig. 18) had a smaller
magnitude and length of rupture than the 1833 event, which had generated a much greater
tsunami. The shorter rupture (estimated roughly at about 200 km), and the smaller magnitude, was
the probable reasons for the smaller 2007 tsunami. Fortunately, the energy release by two other
earthquakes, which occurred subsequently in sequence, helped release gradually the tectonic
stress along this segment. This may have contributed to the relatively smaller tsunami that was
observed in Padang and elsewhere. This did not occur when the 1833 earthquake had struck the
same region. All the energy of the 8.7 earthquake in 1833 was released at once and the rupture
zone may have been as much as 300 km long, or even more. The effects of the 1833 tsunami in
the region were probably great but poorly documented.

It remains to be seen if the earthquake of September 12, 2007 resulted not only from partial
subduction but also from counterclockwise rotation of the Australian plate. Such rotation, with
diminished vertical uplift, could account for the smaller 2007 tsunami. Further field studies of
uplift and lateral motions on the offshore islands would confirm if the mechanism of the 2007
event was different from the one that generated the 1833 tsunami. Field studies on Sipora, North
Pagai and South Pagai Islands of the outer-arc ridge of the great Sunda Arc, indicate that the great
1933 earthquake resulted in vertical uplift of up to 2.3 meters. Such extensive vertical uplift
generated the greater tsunami. The uplift caused by the September 12, 2007 earthquake may have
been much less than that of 1833.

In brief, destructive tsunamis can be generated from earthquakes originating anywhere along
this northern segment of the tectonic boundary of the Sunda megathrust. Earthquakes and
tsunamis similar to the 2007, 2005, 2004 and 1833 events can be expected every hundred years -
or even more frequently - in this northern segment. This particular section of the megathrust along
the western coast of the northern, central and southern Sumatra is one of the more likely sources
of destructive tsunamis in the region in the future. Fig. 20 (see also Fig. 2) graphically illustrates
the active ongoing processes of subduction West and North of the Island of Sumatra and
extending to the Nicobar and Andaman Islands to southern Myanmar and Thailand.
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A repeat of a single large earthquake with the same rupture and source dimensions as those of the
1833 or 2004 events, could generate devastating tsunamis that could affect Sumatra and other
distant regions of the Indian Ocean such as Thailand, Sri Lanka, India, the Maldives, the Arabian
Peninsula and northern Africa and somewhat the Andaman Sea region. Also, the northern
segments of the great Sunda arc are source regions of tsunamis that can be particularly destructive
in the Bay of Bengal, as well. The primary reason is the geographical orientation of this segment
of the seismic zone and the directivity of maximum tsunami energy peopagation. Most of the
energy of tsunamis generated further east along the coasts of Java or the Lesser Sunda Islands
would tend to focus toward southern Africa and Australia and are not expected to be as significant
in terms of destruction.
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Fig. 20 Subduction zone West and North of the Island of Sumatra, of the land section of the
Sumatra Fault System, and its NNW extension to Nicobar and Andaman Islands South of
Myanmar.
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5.4 The tectonic regime of the Andaman Sea and of Myanbar (Burma) - — Past and
Expected Future Tsunami Generation

Fig. 20 illustrates the zone of subduction zone West of the Island of Sumatra, the land section of
the Sumatra Fault System and its NNW extension to Nicobar and Andaman Islands South of
Myanmar, as well as the secondary faults and offsets north of Sumatra near the Thailand border.

5.5 The Tectonic Regime of the Lesser Sunda Islands Segment — Past and Expected Future
Tsunami Generation

The tectonic regime of the Great Sunda tectonic arc further southeast of the Andaman Sea region
is also complex, active, and characterized by geomorphologically evident active faulting. In this
region of the East Java Trench the rate of subduction is about 50 mm/yr. As previously stated, on
August 19, 1977 a great earthquake with a moment magnitude Mw=8.3, westward of Sumba
Island, generated a destructive tsunami which had observed run-up heights of up to 5.8 meters
(19 ft) and a maximum run-up height of 15 meters at a certain location. This earthquake was the
largest outer-rise earthquake ever recorded in Indonesia and its aftershocks along the trench
extended for about 130 kilometres (81 mi) eastward and 110 kilometres (68 mi) westward from
the epicenter (Gusman EtAl., 2009). The waves penetrated about 500 meters inland, killed more
than 200 people, and left 3900 homeless (Pararas-Carayannis, 1977: Natawidjaja EtAl, 2006;
Borrero EtAl., 2006). What was unusual about this earthquake was the fact that it had a very large
magnitude for a shock with a normal faulting focal mechanism, in the southern segment of the
Sunda Trench where other tsunamigenic earthquakes have occurrred in the past (Kopp, 2011) and
that the tsunami waves had great height amplitude. Another destructive tsunamis occurred in 12
December 1992 at Flores Island and yet another one in 1994 in the same region (Pararas-
Carayannis, 1992, 1994), but because of the tsunami’s source orientation towards the southwest,
no significant wave was recorded or observed on the shores of the Andaman Sea.

6. CONCLUSIONS

The Sumatra fault has been reactivated due to the lateral escape of the Sumatra forearc sliver
plate, and as a result of the continuous oblique convergence and subduction with the Indo-
Australian plate to the south. The seismic stress on the Sumatra-Andaman megathrust is
continuing. Megathrust earthquakes with moment magnitutes of Mw=9 or more, similar to the 26
December 2004, at convergent tectonic plate boundaries closer to the oceanic trench west of
Sumatra and the offshore islands, can be expected to generate very destuctive tsunamis in the
future, along populated coastal areas of Indonesia, but also in other countries bordering the Indian
Ocean. Given the high rate of continuous northward movement of the Sunda plate at a yearly rate
of up to 68 mm/year as it collides with

Eurasia, it is estimated that major earthquakes on the Sumatra-Andaman megathrust region
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— including the Sumatra Fault System and its NNW extension to Nicobar and Andaman Islands
South of Myanmar - a major earthquake can be expected to occur at intervals of about 40 years
more or less.

Future major earthquakes on this megathrust region can be expected to generate destructive
tsunamis that may result in great losses of life and property in countries bordering the Andaman
Sea Basin, Sumatra and the Indian Ocean, but hopefully to a much lesser extent than in 2004,
now that better programs of warning, preparedness, and public education have been adopted for
this immediate region, and tsunami warning systems have been instituted. In spite of such
programs, the destructiveness of future events can be expected to be significant in the Andaman
Sea basin, coastal areas of Sumatra and countries bordering the Indian Ocean, thus programs of
preparedness and of public education must be continuous.

Continuous population growth rate and increased use of coastal areas, as well as rapid
industrialization, excessive urbanization or lack of adequate planning, will contribute significantly
to the vulnerability of coastal cities in Indonesia, Thailand, Bangladesh, India, and other countries
bordering the Indian Ocean. Large metropolitan coastal cities like the Mumbai Metropolitan
Region (MMR), will be particularly vulnerable to future tsunami disasters. The high population
density and the uneven growth rate in similar metropolitan coastal areas will result in several
environmental collateral problems. Effective strategies for mitigating future tsunami disasters will
require more than warning systems or sophisticated instrumentation for detection and
measurements of earthquake and tsunami parameters and the communication of warnings.
Effective strategies for tsunami and other collateral disaster mitigation will require the adoptation
of coastal management policies that integrate wisely economic developmental activities, land use,
and engineering standards into a holistic framework of environmental goals that can provide
maximum public safety and effective tools for sustainability following tsunami disasters in such
urban coastal regions.
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ABSTRACT

The 11 March 2011 Tohoku earthquake and tsunami, also known as the Great Sendai severe
disaster and as the “Heisei” tsunami, occurred off the northeastern coast of Japan’s main Island of
Honshu, resulting in extensive destruction and the death of 22,000 people.
Also, tsunami waves struck the Fukushima nuclear power plant on the coast, thus setting in
motion a major accident and spreading long-lasting radioactive material in the ocean, with far-
reaching impact on marine life in the North-West Pacific Ocean. Besides the large magnitude of
the destructive earthquake, the main factors responsible for the great loss of life was due to the
fact that existing tsunami protective countermeasures, such as seawalls, were inadequate in
providing protection given the extreme height of the 2011 tsunami waves. The seawall was
overtopped by these waves and large sections were destroyed by the accompanying debris flow,
thus reaching further into the harbor. Subsequently, waves traveling up the river, transformed into
a river-type of tsunami, overtopping river embankments, flooding the surrounding areas, and
causing great loss of life and destruction, as in the past 115 years caused by great magnitude
earthquakes and destructive tsunami events. These were: 1) The magnitude Mw=8.5 tsunami
generating Meiji Sanriku earthquake of 15 June 1896 in Japan; 2) The magnitude Mw=8.4
tsunami generating Showa Sanriku earthquake of 3 March 1933 in Japan; 3) The magnitude Mw=
Mw=7.7 Hokkaido Nansei-Oki tsunami generating earthquake of 12 July 1993; and 4) The
magnitude Mw=9.4-9 Valdivia-Chile earthquake and tsunami of 22 May1960.

The present study examines Japan’s government countermeasures in providing effective
tsunami predictive and protection measures from such extreme and catastrophic tsunami
recurrences in the future, and particularly against the threat of river tsunamis.
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1. INTRODUCTION

The most significant aspect in taking effective tsunami protection measures is the accuracy of
predicting the heights of expected waves and their potential extend of inundation. Recently, the
Japanese government and the media announced that the accuracy of the tsunami height prediction
ranges considerably from one half to as much as two times or more (Kinki District Transport
Bureau, 2011; Pararas-Carayannis, 2014). For example, if the predicted height of a tsunami is 10
m, its actual height on the shore may vary from 5-20 meters, which indicates a rather broad range
of four times in the inaccuracy of its evaluation. When the 2011 tsunami struck Japan, experts
repeatedly stated “unexpected” occurrences about the damage that could be expected.

Given to the insufficient height of the existing seawalls, the tsunami could easily flow over
them and afflict the residents near the coastline, who expected protection from the existing
seawall and did not flee. The officially established narrow danger zone of the tsunami hazard map
further aggravated the disaster, because the waves reached beyond the predicted range and
affected residents seeking refuge in areas that were previously considered to be safe.
Consequently, the inadequate height of the existing tsunami shelters acted as a fatal trap for many
of the residents. Given such high vulnerability from extreme events, it is highly significant to have
accurate data and information in order to ensure more effective protection for the people residing
in coastal areas, and to safeguard against future recurrences.

The obvious question is on how the height of a needed protective seawall can be effectively
determined, if the actual tsunami height ranges from 0.5-2 times of the predicted height? If the
forecasts predict a tsunami of 10 meters in height, a 10-m-high seawall would be insufficient
against a tsunami of 20 meters in height. In the past, seawalls were built in Japan based on
estimates of tsunami heights that struck the coast (Yasunori et al. 2012). However, such estimates
of offshore tsunami heights often differ substantially from what actually can occur within an
enclosed body of water of a bay or a harbor, due to many other reasons. For example, when
tsunami waves reach closer to shore, they become compressed, their wavelengths are shortened,
and their energies and heights may increase considerably due to the stage of the tide, effects of
refraction or resonance, or due to combining with waves approaching from different directions.
Thus, a tsunami wave which may have been only one meter or less in deep ocean, may increase in
height to thirty to thirty-five meters when sweeping over the shore, and its run-up and inundation
may be significantly greater traveling up a river, transforming into a river-type of tsunami (known
as fluvial tsunami), reversing the river flow and overtopping existing embankments, flooding and
abrading surrounding areas by carrying quantities of sediments. This occurred with the 11 March
2011 Tohoku tsunami, as discussed in greater detail by the present report.

2. FACTORS WICH ALTERED THE 11 MARCH TSUNAMI ON-SHORE AND INLAND
RIVER TRANSFORMATION

Besides the overtopping and partially destroying sections of the existing coastal seawall, the 11
March 2011 Tohoku tsunami also inundated rivers and streams forming a bore (also known as a
fluvial tsunami) that reversed their flows, causing extensive flooding and great damage to
communities far inland. The series of waves that flooded, drained away and then re-flooded the
land, a process which lasted long as subsequent waves arrived. Such flooding of the coast
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and of up-river regions usually varies based on the direction of approach of the tsunami waves. If
the tsunami approaches diagonally a bay-front, as often is the case, an existing cape usually
blocks the full impact, thus resulting in smaller waves reaching the bay. Accordingly, small
seawalls have been constructed to withstand the relatively smaller tsunami waves. However, we
must evaluate a scenario in which a tsunami approaches directly the front of the seawall.
Fortunately since 2011 and currently, the Japanese government has expanded efforts to implement
tsunami countermeasures presuming that a tsunami of the same magnitude will recur again at a
given location. This assumption is somewhat incomprehensive and can be ineffective in the bay-
front tsunami impact scenario. The historic record documents such an outcome.

For example the Kitakami General Branch of the seawall, facing the mouth of the Kitakami
River in Ishinomaki City of the Miyagi Prefecture, was constructed five years ago as a preventive
measure for tsunami protection (Shimbun, 2011). This structure is situated on land and is
designated as an evacuation site as extends up to a height of 6.5 m, which is 1 m higher than the
highest tsunami water level, assumed at 5.5 m (Shimbun, 2011). However, this structure was
completely destroyed by an enormous wave of height greater than 8 m in 2011. Among the 49
individuals who took refuge at this section of the branch, only three individuals—two adults and
one child—survived (Shimbun, 2011). Teruyoshi Makino, 42, a city employee, stated, “The
Evacuation was perfect, but the force of the tsunami exceeded the limit.” Based on past tsunami
data, the Okawa Elementary School had been marked as a safe zone on the tsunami hazard map
(Shimpo, 2011). Ishinomaki City had designated the Okawa Elementary School as a tsunami
evacuation center, which was only 1m above sea level. On the day of the disaster, 74 students and
teachers seeking shelter in the school grounds succumbed under the force of the tsunami waves. If
this site had not been designated as a tsunami evacuation site, the individuals would have climbed
the mountain behind and could have potentially survived.

Numerous other fatalities were recorded at sites that had been designated as “shelter zones” in
the hazard map created with the tsunami height prediction model that was being used. However,
at that time, the Japanese government had created a tsunami hazard map using the same method
based on the assumption that most severe conditions of flooding had been considered in issuing
such a “Tsunami Flooding Forecast Map”. This incorrect assumption and the hazard map that was
issued were apparently inadequate in identifying “safe shelter zones”, that can safeguard
individuals from such disastrous future events. Thus, studies were subsequently initiated for the
purpose of developing an accurate method of predicting tsunami heights which can be used to
create more effective and safer tsunami hazard maps and thus maximize the likelihood of survival.
The tsunami prediction system currently employed by the Meteorological Agency is discussed as
well in the subsequent section (JMA- Japan Meteorological Agency, 1999). The JMA
methodology involves supposition of crustal deformation caused by earthquakes along known
fault zones, and estimates of tsunami generative areas, as discussed in the following section.

3. NUMERICAL SIMULATION OF TSUNAMI WAVES - EXISTING FOCAL
MECHANISMS OF THEIR GENERATION

The simulation for determining the focal mechanisms of tsunami generation by local or distant
major earthquakes, as well as the heights and arrival times of tsunami waves on the coasts of

Japan or anywhere else in the Pacific Ocean or elsewhere, can be broadly classified into two
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stages, one being a calculation of seafloor crustal deformation and another being the tsunami
propagation and its height alterations due to refraction, diffraction, and maximum energy
focusing.

The seafloor crustal deformation caused by earthquakes can be theoretically evaluated, based
on assumption of the movement along major faults. The fault parameters can be estimated based
on 1) the horizontal position and depth of the fault, 2) its size, 3) its orientation, 4) on its
inclination, and 5) the direction and magnitude of the resulting slip.

Fault slip caused by an earthquake

-\@ Earthquake occurrence

A pure reverse fault W|th adip of 45 degrees

Depth
Direction of fault
Size of slip
Direction
of fault

Fig. 1 Schematic of earthquake source faults causing tsunami

The direction of the fault can be determined from the data of known past earthquakes. The
horizontal position, depth, and size of the fault along with the magnitude of slip, can be estimated
from the magnitude. In addition, the inclination and slip direction of the fault can be set as being a
pure reverse fault with a maximum inclination of 45° (Fig. 1 above), which corresponds to the
generation of the largest possible tsunami. Accordingly, this study conducted extensive
simulations to ensure adequate prevention and mitigation response to earthquakes of any size at
any location, which could generate tsunami waves, and which particularly impact on Japan.
Figure 1 is a schematic of such undersea earthquake source fault movement, which could generate
a destructive tsunami based on maximum source displacements and focusing of propagation

In particular, this study considered approximately 1,500 faults in the horizontal direction at six
distinct depths varying from O and 100 km and four magnitudes. Thereafter, a tsunami
propagation calculation was applied.

However, the tsunami height calculation may be scientifically incorrect, as there may be other
earthquake parameters, factors and deviations which may not have been considered. One such
deviation can be clearly seen from the logarithmic graph of Figure 2 where the average slip in
meters of a seismic fault is plotted in terms of an earthquake’s seismic moment (Miyakoshi Lab
EtAl, 2015)

Vol. 42 No 3, page 250 (2023)



100.00 ——rrrT T
| = Somerville et al.(1999)
| —— Tajima et al.(2013)
® Somerville et al.(1999) |
- O Reverse Slip(RV) D oo Mp*
10.00 |- A Strike Slip(SS) _ Tajima et al (2013
"7 [E o Normal Slip(Nm) B — e — e ———+ :
— -l % Murotani et al.(2015) {111+ 1 —1—1— X
% o TaimaealQ03) | . x« ot l:_‘
o— ) | L
%100 L LLL LT |
gﬂ ’ = + ' : Lk '.

e e |
< %A D6 Mo w
A/\ %t‘] ®® Somerville dt/al.(1999)

0.10
| | |
001 | | ]
1.0E+16 1.0E+17 1.0E+18 1.0E+19 1.0E+20 1.0E+21

Seismic moment [Nm]

Fig. 2 Average slip in meters of a seismic fault in terms of an earthquake’s seismic moment
(Miyakoshi Lab Et Al, 2015).

The straight line passing through the center of the previous seismic data in Figure 2 represents
the formula reported by Somerville (1999). The average slip (m) at any seismic moment (Nm) can
be calculated using this formula.

Notably, the tsunami height calculated from the average slip (m) represents an average tsunami
height; therefore, a fundamental mistake would be made when using this formula, which yields
an average value, for cases where the maximum value matters (e.g., tsunami). As depicted in
Figure 2, the seismic moment is 8.0E+19 Nm and the average slip is 2.8 m, which is 2.2 times the
calculated value of 1.3 m. Using the formula, the corresponding tsunami height is calculated to be
1/2.2 of the previous actual tsunami height.

This is an example in which the actual observed value considerably deviated from the
calculated value because of the small amount of data. With more data, we can derive more
accurate results. The concept of using a regression equation to obtain an estimated mean with the
maximum value, such as an earthquake or tsunami, is fundamentally incorrect. In this calculation,
the average slip corresponds to an average value, and the tsunami height calculated using the
average slip denotes the average tsunami height.

Moreover, the tsunami height cannot be determined only by using the average slip. Even for
the same slip amount, it varies considerably depending on its slow or rapid movement. Thus their
source tsunami height calculations are wrong. Based on these numbers, they simulated the
tsunami propagation process.
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3.1 Terrain Tsunami Amplification

The tsunami height varies considerably depending on the topography near the coast. In
addition, the tsunami waves may continue to inundate on land. Waves are converge in places with
special topography, such as the tip of a cape or the rear side of a V-shaped bay, which necessitates
special caution. A tsunami can surge further owing to the repeated reflections and can result in
remarkably high waves by overlapping with multiple waves. Consequently, the first wave is not
necessarily the biggest and the subsequent waves may be higher. In shallow water, the wave speed
diminishes and the wave height increases. Moreover, complex variations can occur, such as waves
over shallow water that overlap on those advancing in deep water.

However, as the tsunami propagation process is a physical phenomenon, it can be predicted
according to scientific laws. Specifically, the sea surface is classified into meshes for calculation,
with 15 m mesh near the coast. The precise calculations were enabled by the increased computer
capacity and calculation speed.

Overall, the “prediction accuracy of tsunami height of 0.5-2 times” does not vary, because the
predicted height of the first tsunami wave is incorrect. Thus, we intend to enhance this “prediction
accuracy of tsunami height of 0.5-2 times” to mitigate the tsunami damage. Certain studies have
suggested, “escape training” as a tsunami countermeasure (Sugiyama and Yamori, 2019). In case
of an under sea earthquake, escape training predicts the height of the tsunami that will impact the
coast based on the magnitude and location of the earthquake. Accordingly, a safe evacuation route
can be communicated to the public via mobile phones. Recently, this has been implemented in
evacuation drills in various places. However, the inaccurate predictions of tsunami height at 0.5-2
times is grossly uncertain. The safe evacuation routes for an expected tsunami height of 3 meters
ceases to be safe if the tsunami wave height exceeds 3.5 meters. An individual can drown even
under an excess height of 50 cm. As 3.5/3.0 = 1.17 times, individuals can succumb under a
tsunami that is =20% higher than the predicted/expected height.

Current tsunami warnings are issued over a wide area based on tsunami heights with poor
accuracy. Hence, the number of people who rely on tsunami warnings to evacuate is decreasing,
and the damage caused by tsunamis is actually increasing.

A tsunami warning for a specific area should be issued based on a more accurate tsunami
height prediction. However, it is impossible presently to improve the accuracy of tsunami height
prediction with current methods. After an initial tsunami wave strikes a shore, and an accurate
measurements of its height and travel direction are made, issuing a prompt warning for the areas
where the tsunami will be reaching next is necessary.

Thus in order to establish a more effective warning system, local government agencies should
have quick access to data from seafloor seismometer and tsunami measurement network devices
as soon as possible in order to measure the tsunami height, and thus issue a reliable tsunami
warning only to the affected areas (NEC, 2013). Therefore, it is important to regain people’s trust
in tsunami warnings otherwise the resulting tsunami impact and destruction will increase
significantly. Thus government authorities should create new tsunami countermeasures,
recognizing that the current countermeasures are inadequate and may actually increase the
damage.

Nonetheless, the actual scenario is more concerning. The initial height of a tsunami impacting
on land is nearly impossible to accurately predict as it can be affected by a slight changes of water
depth, land topography, an earthen wall of ~1 m height, or an artificial hill. Upon visiting the
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disaster area of Natori City devastated by the 2011 tsunami, the author noted two two-story
wooden buildings constructed adjacent to each other on a field. Surprisingly, one building
suffered no damage, whereas the ground floor of the other building—Ilocated 5Sm away—was
devastated by the tsunami. Notably, a 1-m-high earthen wall separated the fates of these two
building by blocking and diverting the tsunami direction. Unfortunately, such minor obstacles
cannot be incorporated into a simulation program.

Additionally, concrete buildings in densely populated cities are structures that act as barriers
and can considerably affect tsunami impact with enhancement of wave heights and gains in
momentum. An example of such occurrence was broadcasted seven years after the 2011 disaster,
by an NHK special television program under the title: “Kawatsunami: Unknown Truth in Seven
Years of the Earthquake” (NHK Special, 2018). According to the report, the tsunami reached the
Kitakami River by traveling up to a speed of 40 km/h, causing 74 fatalities at the Okawa
Elementary School — which had been designated as an evacuation center — and causing 68
fatalities in the Magaki district, which was situated 5 km inland from the sea. The tsunami
followed the meandering course of the river; slamming and breaching the riverbanks by a height
of 2 meters, and inundating an area up to 1 km inland.

The facts presented in this broadcast demonstrated that the embankments couldn’t prevent
tsunami damage. Thus, the strengthening of coastal dykes does not help at all. If a river flows
through the town, the tsunami can flow through the river and impact the river embankment. On
the day of the 2011 disaster, 600 times the average amount of seawater flowed into the Kitakami
River, thereby increasing the river discharge to a speed of 40 km/h. This signifies that even a
weak tsunami is dangerous if a river is flowing with extensive amounts of added water from the
sea. The water in the river is pushed back by the tsunami and rises in height, thereby creating a
massive river tsunami.

On that same day, the tsunami disintegrated 190 km out of the 300-km-long seawall on the
Sanriku coast (Yasunori et al. 2012), because its waves created a debris flow that lifted up the
sludge and sand from the seabed. As such, river tsunamis can readily destroy river levees.

In Tagajo City, Miyagi Prefecture, a river tsunami traveled up the river in the city and
impacted a building district, resulting in 188 fatalities. If buildings block the tsunami flow, the
height of the water level increases. Thereafter, the flow concentrated in the gaps between the
buildings, increasing its speed even more by a Bernoulli effect. The tsunami flowed specifically
fast in areas with sturdy buildings and exceeded 30 km/h at maximum. Furthermore, the tsunami
traveled along the road, such as a waterway, and entered the city area while turning the alley. It
collided with a concrete building and altered its direction, thereby creating a complicated
damaging flow.

Fumihiko Imamura, a professor at the International Research Institute of Disaster Science at
Tohoku University, analyzed this Tagajo tsunami and determined that the structure of the city
exacerbated the damage. Professor Imamura stated that “The density of buildings is very high,
and the tsunami becomes very strong, so I think this can be called an urban torrent. There is no
way to escape, and no time to escape.”

Almost 30,000 rivers flow through the islands of the Japanese archipelago. The investigations
and research on the threat of river tsunamis are progressing where the kind of dangers exist. A
massive earthquake along the Nankai Trough is forecasted in the near future. According to the
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national government’s assumptions, tsunamis will hit cities across the Japan immediately after the
violent tremors. Amid this threat, Osaka Prefecture is becoming increasingly concerned regarding
river tsunamis, because 174 rivers flow through Osaka, and it has a population of 8.8 million
residents.

In 2012, the government announced that the expected flooding areas in Osaka Prefecture were
limited to regions near the coast. However, the prefectural government presumed a situation in
which the river embankments and water gates fail to function, thereby creating its own estimates.
The results revealed that the area of the flooded area extended to more than three times the official
national assumption.

According to simulations conducted by experts, the tsunami waves can penetrate up to 2 km
from the mouth of two rivers, with increasing water level near the tsunami confluence. In
particular, the tsunami overflowed into areas housing commercial facilities. In case of a river with
a gentle slope, the tsunami reached as far as 12 km from the river’s mouth. Upon crossing the
embankment, experts suggest that the tsunami will flow into the low-lying residential areas.

According to the Osaka Prefectural government, in the worst-case scenario, the number of
victims would increase to 130,000, which is more than ten times the national government’s
estimate. Overall, Tokyo faces the greatest danger in Japan. In the 1600s, when Ieyasu Tokugawa
built the Edo Castle, he reclaimed the sea to create the town of Edo by digging vertically and
horizontally to carry supplies by boats. The Edogawa, Arakawa, and Sumida rivers flow through
the city of Tokyo.

The flood control for the five wards of Koto has been combining Sumida, Koto, Adachi,
Katsushika, and Edogawa (Koto 5 Wards Large-Scale Flood Countermeasures Council, 2022).
Owing to the simultaneous occurrence of floods and storm surges, the river collapses at multiple
locations, including on both banks of the Arakawa River, eventually inundated almost the entire
Koto Ward. The population within the inundated area reached approximately 2.5 million.
Approximately 440,000 residents will have to be evacuated from their homes, as the buildings
will be completely submerged. In contrast, the number of evacuation centers in the five wards of
Koto is approximately for 490,000 residents, who cannot be accommodated. In the worst-case
scenario, floodwaters can remain inundated for more than two weeks, and residents will be forced
to stay in a harsh environment for a long time without gas and water supply. Thus, early rescue is
required to prevent damage from the vertical evacuees, but if one million residents have to be
evacuated (half of the population of the inundated area), the boats owned by the Kanto police, fire
departments, and the Self-Defense Forces will be employed. Regardless of full mobilization, the
rescue operation would involve more than two weeks.

Nonetheless, this is only an evacuation plan, and the repair of embankments as well as the
discharge of the enormous quantity of water flooding the land have not been specifically
considered, which forms the scope of a future research. The destructive power of tsunamis is
incomparable to storm surges and floods. Even if a weak tsunami hits Tokyo Bay, the sludge from
the bottom will be swept up, and the tsunami will intensify with as it merges with the Arakawa,
Edogawa, and Sumida rivers. In particular, river levees in Tokyo are thin and can be easily
destroyed by tsunami laden with sludge due to the high land prices. The number of victims will
surpass the number of 130,000 fatalities predicted for Osaka Prefecture. Notably, the Koto 5 Ward
Crisis Management and Disaster Prevention Division is unaware of river tsunamis flowing up
rivers.
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CONCLUSIONS

Knowledge and understanding about the complicated nature of the tsunami hazard is imminent
for effective protection countermeasures. The recently introduced method of escape training may
prove to be ineffective. In case a weak tsunami impacts Tokyo or Osaka, a wide area will be
flooded by a river tsunami, and economic activity will cease for several years. Although the
economic center of Osaka is located higher than the mean sea level, the center of Tokyo’s
economy is situated below the sea level. Moreover, the current communication network, power
grid, gas, water, and other facilities are based on underground tunnels. Thus, draining of
floodwater will require months of time. Four years ago, Osaka started to prepare against the threat
of river tsunamis. However, no such effort has been yet adopted by the Tokyo government. Thus,
adequate efforts must be undertaken to ensure protection against the potential tsunami hazard.
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ABSTRACT- A strong M7.8 earthquake (02/06/2023; 01:17:36.1 UTC) followed by a second
event (M7.5) on the same day (10:24:49 UTC) in Central Turkey caused extensive damage and
fatalities (>> 50,000 in Turkey and Syria). Ground shaking exceeding 1.0 g in some locations
(USGS, EMSC), structural damage, and multiple secondary effects were documented by Turkish
and Greek reconnaissance teams in preliminary reports (e.g., (Lekkas, et al., 2023), reports to the
EMSC). The M7+ earthquakes were widely felt in Turkey and in neighboring countries, such as
Greece, the Balkan region, and Italy, as far as 1200 km and beyond. Flooding was also reported in
few locations, including the bay of Alexandretta and in Salqin, Idlib, Syria. Sea level stations
recorded a small tsunami, and tsunami runup was observed in Cyprus and Turkey. Through
security cameras and personal cellphone footage, seismic seiches were recorded across Turkey
and Cyprus. Some localities even reported multiple incidences of seiches over the course of the
earthquake sequence in the same body of water. Observations of seiches are rare in the Eastern
Mediterranean and are therefore especially valuable to document. Most importantly, the set of
observations collected here is one-of-a-kind dataset (the most extensive dataset in Turkey and a
unique dataset of seiche observations for Cyprus). Spatial analysis of seiche observations may
also be valuable in documenting areas prone to liquefaction and vice versa, with particular use in
the study of older or historical earthquakes. In this paper, we document the coastal effects of the
Kahramanmaras Turkey earthquakes, followed by a first-order analysis. Satellite images were also
processed to showcase the extent of flooding that followed the large twin earthquakes and lasted
at least 3 days around the bay of Alexandretta. The source of flooding likely is a combination of
subsidence, liquefaction and the tsunami that ensued. Tsunami amplitudes were small but clearly
recorded in few stations; the tsunami’s genesis mechanism is in debate.

Keywords: tsunami; seiche, Turkey, coastal effects, historical tsunami records
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1. INTRODUCTION

On February 6, 2023 (01:17:36.1 UTC), a strong shallow M7.8 earthquake occurred
approximately 30 km WNW of Gaziantep city, in Southeastern Turkey (CSEM/EMSC), and
about twice that distance from the border with Syria (USGS, EMSC; Figure 1). Hundreds of
aftershocks ensued within hours of the mainshock (USGS; the largest M6.7).

The two earthquakes are associated with the Eastern Anatolian Fault zone (EAF; Duman & Emre,
2013), a ~600km sinistral strike-slip fault zone which forms the boundary between the Arabian
and the Anatolian plates. It is characterized by a narrow deformation zone to the NNE and a wider
deformation zone to the SSW. Although the predominant motion of the EAF is strike-slip, normal
or reverse motions are also sometimes observed along the fault zone. The two M7+ earthquakes
happened in a region that is seismically active but had been relatively quiescent in the last century
((Sesetyan, Stucchi, Castellli, & Gomez Capera; Taymaz, Ganas, Melgar, Crowell, & Ocalan,
2023) and references therein). According to (Sesetyan, Stucchi, Castellli, & Gomez Capera)
preliminary report, about a dozen earthquakes of M6.5 or greater occurred in the last millennium
(1000-1900) in the general region of the twin Turkey earthquakes, with the largest one in Antakya
in 1822 (Mw7.74). In the 20" century, several M6+ occurred in the EAF, the most recent and
largest a Ms6.8 in 1971 (e.g., Sandvol et al., 2003).

40°N O
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Depth (km)
Fig. 1. Seismicity in the month following the M7.8 Pacarzik earthquake (02/06 — 03/15, 2023).

Graduated symbols and colors represent magnitude and depth respectively.

The February 6, 2023, earthquakes caused widespread devastation through ground shaking
and secondary effects, which included landslides, liquefaction and subsidence (e.g.,(Lekkas, et al.,
2023), special reports to EMSC). A tsunami was observed and recorded (see Table 1, Figure 2) by
few tide gauge stations on the coasts of Turkey and Cyprus (unfortunately, however, not all tide
gauge stations nearby were operating). Additionally, seismic seiching was observed from the
main M7.8 earthquake, the M7.5 event, as well as from a large aftershock. In this article, we
discuss the coastal effects associated with the twin earthquakes and provide a first order analysis
of the water level records and other relevant data collected after the two earthquakes.

Strike-slip faults such as the EAF are generally not associated with tsunamis because a
tsunami generating mechanism requires vertical uplift of the water column. However, it is now
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more widely accepted that strike slip fault earthquakes can sometimes generate tsunamis because
multi-segmented strike-slip fault systems with step overs can locally produce vertical uplift or
subsidence with the potential of a tsunami (e.g., Estrada et al., 2021). Given the locations of the
M7+ earthquakes, the likely cause of this tsunami is rather interesting and a source of a
discussion.

Seismic seiches may also be observed during the onset of ground shaking locally, or with the
arrival of seismic waves from distant earthquakes (McGarr and Vorhis, 1968; Barberopoulou et
al., 2004; Barberopoulou et al., 2006). Seismic seiching is a term used to describe the surface
oscillations generated in enclosed or semi-enclosed water basins due to earthquake ground
motions (Kvale, 1955; Rabinovich 2009; Barberopoulou et al., 2004; Barberopoulou,
2008;(Bondevik, Gjevik, & Sorensen, 2013). Such oscillations have previously been associated
with distant, regional, and local earthquakes. However, through seismic and spatial analyses, it
has been suggested that they are associated with the presence of thick (>1 km thick),
unconsolidated sediments (Barberopoulou et al. 2004, 2006 & 2008; McGarr, 1968). Only a
handful of earthquakes have relatively sufficient data to understand the occurrence of standing
waves due to seismic motions (e.g., 1964 Alaska earthquake; 2002 Denali earthquake).

2. WATER LEVEL DATA AND METHODS
2.1 TSUNAMI OBSERVATIONS

The data used here are tide gauge records from national or global networks and information
obtained from global tsunami databases (NOAA-NEIC; IOC-UNESCO; (Danezis, Nikolaidis,
Mettas, Hadjimitsis, Kokosis, & Kleanthous, 2020)). Data from tide gauges were obtained from
the IOC UNESCO portal for four stations in Turkey (Table 1; Figure 2). The other stations from
Cyprus are old piezometric stations not in operation except for one (Lemessos; Danezis, personal
communication; (Danezis, Nikolaidis, Mettas, Hadjimitsis, Kokosis, & Kleanthous, 2020)). There
are about 10 tide gauge stations within a radius of 350 km from the bay of Alexandretta that are
part of national or regional networks; but, unfortunately, not all of them were functional on
February 6, 2023. Table 1 and Figure 2 includes a list of operating stations and those that did not
record anything because they were down, malfunctioned or are not providing data to the IOC-
UNESCO portal due to permanent damage. The tsunami database at NEIC was also searched for
complimentary information (Table 2, Figure 3)

personal request and is not available through the IOC-UNESCO portal therefore this estimate may
be lower than actual number of stations.

Table 1. List of operating and non-operating stations in the vicinity of the bay of Alexandretta
(see Figure 2)

;l;:;i;gauge Country Longitude Latitude (())21)/8233% 30 n
Iskenderun Turkey 36.17676926 36.59423065 Yes
Arsuz (Hatay) Turkey 35.88519 36.41559 Yes
Erdemli Turkey 34.25538719 36.56372892 Yes
Tasucu Turkey 33.83622742 36.28146362 Yes

Bozyazi Turkey 32.94131088 36.09741974 Yes



Paphos Cyprus 32.408819 34.755128 No
Zygi Cyprus 33.338375 34.727083 No
Larnaca Cyprus 33.640823 34916181 No
Paralimni Cyprus 34.036877 35.038288 No
Lemessos Cyprus N/A? N/A? Yes

32°E ME

Figure 2. Stations from the IOC-UNESCO portal for which data is available for download for
02/06/2023. White triangles represent stations which have recorded water levels on February 6,
2023, while black stations were either down or do not have data recorded on the specified date.

Table 2. Tsunami Runup observations as reported by the National Environment Institute (NCEI)

Comiy Lot Lot orguse OSSO Ftwesrit e Tt Tl pel e s it
o Cyprus. Paralimni  35.03829 34.03688 359 NaN NaN NaN NaN NaN 0.25 NaN
1 Cyprus Gazimagusa 35.12320 33.94950 359 6.0 20 270 NaN 36.0 017 NaN
2 Cyprus Kerinya 35.34100 33.33400 390 NaN NaN NaN 0.0 48.0 NaN NaN
3 Turkey Erdemli 36.56370 34.25540 257 6.0 20 10.0 0.0 48.0 013 70
4  Turkey Iskenderun 36.59423 36.17677 100 6.0 20 49.0 0.0 25.0 012 70



Kahramanmaras-Gaziantep tsunami runups
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Figure 3. Spatial distribution of tsunami runup data (Table 2) as provided by NCEL

2.2 WATER LEVEL DATA PROCESSING

Tide gauge records were first decided and then low pass filtered with a 3-pole Butterworth filter
to remove high frequencies and recover the longer periods in the recorded signal that are
associated with the tsunami (Figure 4, Figure 5). If the predicted

tide did not fit well any of the waveforms (Figure 5), the tide gauge record was further filtered to
remove any tidal long period remnants in the signal. The clearest signal above noise in the raw
data is evident in the Erdemli and Iskenderun stations, the closest to the epicenter (Figure 4). The
maximum wave height (peak to trough) from the stations processed here does not exceed 25cm
(Iskenderun station). Fourier spectra of the signals were calculated to show the dominant
frequencies in the recorded signals (Figure 5, Figure 6).
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Figure 4. Raw tide gauge data (24 hours recording starting at February 6+, 2023, 00:00 UTC
time)
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Figure 5. Detided and low pass filtered recordings (from top to bottom) for the Erdemli,
Iskenderun, Lemessos, Hatay and Tasucu stations. Only 3 out of the 5 stations listed here
recorded a sufficiently strong signal from the tsunami (M7.8 earthquake occurred at UTC 01:17).
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Figure 6. Fourier Spectra of 4 tide gauge stations for which water level records were obtained for
the February 6, 2023 earthquake.

3 SEICHING
3.1 OBSERVATIONS

The data obtained and used here are video recordings of sloshing from eyewitness accounts
reported through social media and news agencies, security camera footage, and related
information from global database repositories. More than fifteen seiching observations associated
with the Turkey earthquakes of February 6, 2023, were collected (Table 3, Figure 7, and Figure
8). The majority of these observations were from swimming pools, while few others appear to be
from outdoor water tanks (for irrigation, etc.). Two observations do not fall in the last 2
categories: one was from a fountain and another from a large home aquarium. All the
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observations, therefore, are from regularly shaped man-made basins (mostly rectangular). Many
observations were recorded on pool security cameras because they were at hotels or other
commercial buildings where cameras are used widely for security reasons. For this reason, it is
more common to find observations from swimming pools as opposed to other water basins.
Besides security footage, other videos were recorded on smart phones by witnesses. Observations
collected are not associated with the same earthquake. Some observations are associated with the
M7.8 earthquake, some are associated with the M7.5 earthquake, and one is associated with one
of the large aftershocks (M6.3; 2023-02-20).
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Figure 7. Spatial distribution of seiche observations from the Kahramanmaras earthquake
sequence of February 6, 2023, in Turkey. The light and dark yellow stars show the relative
location of the M7.8 and M7.5 earthquakes respectively to the observations, which span a 500km-
by-500km area. Purple pinpoints represent observations whose locations are well constrained
(i.e., with “exact” coordinates), while blue points show those observations where only the town or
city could be identified. The observations are from Turkey except for two that are from Cyprus
(see Table 3).

Each observation has been assigned a location and associated seismic event to the best of the
authors’ abilities, and the certainty of each assignment has also been noted (see Table 3). Two
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observations are from Cyprus and the rest are from Turkey. Videos obtained from the web, show
sloshing in non-residential and residential swimming pools (see still images taken from the videos
on Figure 8), a fountain, and various other water tanks.

Based on time stamps included in some of the footage from security cameras, we have
constrained the time of occurrence for about half of the observations of sloshing. For other
observations, times of occurrence have been approximated through correspondence with the video
creators. Basedon the times the videos were collected, observations appear to be associated with
the M7.8 event (01:17 UTC; 04:17 local time), the M7.5 event at (10:24 UTC; 13:24 local time)
in Gaziantep, and with a large aftershock (M6.3) on February 20™ 2023. The spatial distribution
of observations collected can be seen in Figure 7, which spans an area of at least 500km x 500km.

Table 3. Seiche observations collected after February 6, 2023.

Locatio .
. Associ = Body .
Countr | Locatio n Video
# Lat Lon . ated of
y n Certain Type
Event | Water
ty
@ o Public Security
1 Turkey Gaziantep 37.091 37.375 Exact o1 ]7'_36 1’ v Swimming camera with
UTo) Pool timer
(02/}[\)/167/25023‘ Public Security
2 Turkey Gaziantep 37.091 37.375 Exact 10:24:49 ’ Swimming camera with
UTC) Pool timer
M78 . .
Residential
. ; (02/06/2023; . Personal
3A Turkey Antalya 36.893 30.61 Approx. 01:17:36.1 Sw;)r:(r:mb cellphone
UTC)
M78 . .
Residential
(02/06/2023; . Personal
3B Turkey Antalya 36.893 30.61 Approx. 01:17:36.1 Swan;g;lnb cellphone
UTC)
M6.3 (2023- Residential Personal
4 Turkey Antalya 36.893 3061 Approx. 02-20 Swimming cellohone
17:04:29) Pool P
M78 .
Public .
(02/06/2023; P Security
5 Turkey Antakya 36.204 36.162 Approx. 01:17:36.1 Swg::g;mg Camera
UTC)
M7.5 .
Public
6 Turkey Nevsehir 38.623 34.717 Exact (02/96/2_023' Swimming Personal
10:24:49 Pool cellphone
UTC)
@ /’(‘)"(7/'25023_ Public Security
7 Turkey Kayseri 38.733 35422 Exact 10_2)449' ’ Swimming camera with
UTC) Pool timer
(02/][\)/2/'25023_ Public Security
8 Turkey Sanlurfa 37.149 38.81 Exact 10:24:49 ’ Swimming camera with
UTO) Pool timer
M7.5 .
N Public
9A Turkey Erzurum 39.918 41248 Exact (02/0612023; | o irnming Personal
10:24:49 Pool cellphone
UTC)
M75 .
Public
9B Turkey Erzurum 39918 41248 Exact 02/0612023; | o\ irnming Personal
10:24:49 Pool cellphone
UTC)
M7.5
. ~ (02/06/2023; " Personal
10 Turkey Elazig 38.671 39.204 Approx. 10:24:49 Fountain cellphone
UTC)
M7.5
Alaca ~ (02/06/2023; Personal
11 Turkey (Corum) 40.17 34.842 Approx. 10:24:49 Outdoor Tank cellphone
UTC)
M7.8 Security
(02/06/2023; Irrigation N f
12 Turkey Malatya 38.346 38.266 Approx. 01:17:36.1 Tank camera with

UTC) timer



9A

9B

Turkey

Cyprus

Cyprus

Turkey

Malatya

Paralimni

Paralimni

Diyabakir

unknown unknown unknown
35.065 33975 Approx.
35063 34 Approx.
37.925 40.211 Approx.

Table 3 continued.
Access video
https://www.youtube.com/watch?v=m8pFB731v
9
https://www.youtube.com/watch?v=m8pFB731v
0
https://twitter.com/Faworimm/status/162241436
2605502464
https://twitter.com/Faworimm/status/162242062
5242349570
https://twitter.com/Faworimm/status/162772304
2087370775
https://www.youtube.com/watch?v=c9ql-KZmt9g
https://www.youtube.com/watch?v=iWg9r)YnWb
g&list=PLi5AeW TpchzYZjWVuDJGJIJF2WCVtFQE
&index=1
https://www.youtube.com/watch?v=0EbmcHEmc
25&list=PLi5AeW TpchzYZjWVuDJGJIJF2WCVtFQE
&index=4
https://www.youtube.com/watch?v=I10CZvKdg6E8
&list=PLiSAeW TpchzYZjWVuDJGJIJF2WCVtFQE&i
ndex=2

https://www.youtube.com/watch?v=PJOpg9aN64
8&list=PLiSAeW_TpchzYZjWVuDJGIIJF2WCVFQE
&index=6
https://www.youtube.com/watch?v=oxqafhtQ6 fc
&list=PLi5AeW TpchzYZjWVuDJGIIF2WCVtFQE&i
ndex=7
https://youtube.com/shorts/SVHxX{BxITk?feature
=share

https://youtube.com/shorts/23buzravb9c?feature
=share

https://www.youtube.com/watch?v=9mjE1zPdUn
9

https://www.youtube.com/shorts/5rYU_OligXc

https://www.youtube.com/shorts/5rYU_OllgXc

https://www.tiktok.com/@suheiltel/video/71968
62604252400897

https://www.facebook.com/watch/?v=87792572
3319970&extid=NS-UNK-UNK-UNK-AN_GKOT-
GK1C&mibextid=2Rb1fB&ref=sharing

https://www.youtube.com/watch?v=TgUAevXSti
Q

Commercial

R Personal
unclear Swimming cellphone
Pool
(02106/2023; ‘;:fl‘s:“:l‘l‘z Personal
01:17:36.1 Pool cellphone
UTC)
M78 Non-
(02/06/2023; rectangular Personal
01:17:36.1 Swimming cellphone
UTC) Pool
M78
(02/06/2023; N Personal
01:17:36.1 Aquarium cellphone
UTC)
Notes

First of two observations in same pool in
Gaziantep

Second of two observations in same pool in
Gaziantep

Appears to be taken at dawn. Time of recording
unclear.

Appears to be taken at dawn. Time of recording
unclear.

Video posted on 2023-02-20, seems to be from
aftershock.

Large waves in backyard pools

Water level is much lower than other pools, so
easy to observe amplitude of the waves

Video features multiple angles of same
observation, as location is large sports facilty.
Footage is sped up.

Likewise, multiple angles of same observation
because sports facilty has multiple cameras

Waves run along the length of the pool; lane
dividers help to clearly see wave movement

Waves run along the length of the pool; lane
dividers help to clearly see wave movement

Fountain has ice, outside. Assigned location is not
certain, may be erroneous

Snowing, outside. Comment: "Corum alaca da
sarsinti aninda havuz" (The pool at the time of the
shaking in Corum, Alaca)

Snowing, outside. Large elevated irrigation tank at
farm.

Because of video angle, diffcult to see wave
motion directly; however, can see water spilling
out of pool.

Because of video angle, diffcult to see wave
motion directly; however, can see water spilling
out of pool.

Pool lit with underwater lights. Personal villa near
coast of Cyprus.

Includes following comments in English on
intensity associated with this seiche: "On February
6,2023, at 3:17 a.m. the disaster began in Turkey
and the shockwaves quickly reached the island as
well. It rocked us all and woke many of us up. It
felt like a 4.8 and lasted a long time. Then the
aftershock of 6.3 degrees was felt and was
recorded at 3.28. So it was a continuous swing. All
my stuff hanging on the walls waltzed "nicely” for
more than 10 minutes, but everything stayed in
place in the cupboards and on the shelves. No
property damage was recorded on the island, at
least not reported, but images have already
emerged of swaying chandeliers and pools that
have been hit by small waves. "

Because of glass fish tank, can clearly observe side
profile of seiche instead of only from top as in
other observations. Wave motion changes over
course of earthquake.



The authors have made a general estimate of the periodic motion in each observation by using
time stamps from the videos. The periods of oscillations vary depending on the dimensions of the
body of water and the forcing exerted to it. Seiches were observed in three main categories of
environment: public pools, residential pools, and outdoor water tanks. Of these three, it is easiest
to determine the dimensions of public pools, as pools used for exercise and competition are
typically standardized to 25m or 50m in length and allocate approximately 2.5m in width to each
lane used for lap swimming (source: World Aquatics previously known as FINA). Residential
pools are generally much smaller, and it is harder to estimate their size because there are no
standard dimensions; however, it is still possible to estimate their size with a good degree of
accuracy through comparison with other objects pictured in the video. Harder still, it is even more
difficult to determine dimensions of water tanks, though it is likewise helpful to use other objects
nearby to roughly estimate size. It is also important to consider whether sloshing is along the
length or width of the body of water.

Quick estimations of the motion using the clock on the camera of some of the observations
(Figure 8 (Left)) shows the periodic motion to be in the range of 3-5 seconds. Public swimming
pools typically span either 25m or 50m in length and allocate approximately 2.5m in width to
each lane. Taking observations 1 and 2 into consideration (Table 3), this public swimming pool in
Gaziantep seems to be 25m long, 12.5m wide and with 5 lanes. If we use the simple formula (1)
with these dimensions in mind, then the primary mode of oscillation for an Olympic sized
swimming pool (L=50m) and its half equivalent (25m) are 11 and 5.5 seconds, respectively.

Figure 8. (Left) is a still image of a swimming pool sloshingalong the short side of Gaziantep.
Clock on the upper left shows Monday 13 13:12 which is the local time close to the onset of the
M7.5 earthquake, (Right) Still image of swimming pool sloshing along the short side in Antalaya.

Camera 01

Figure 8. (Left) is a still image of a swimming pool sloshingalong the short side of Gaziantep.

Because sloshing appears to be on the short sides of various sized swimming pools (25 m,
12.5 m, 6m; sloshing appears in both cases to be along the width and not the length) the primary
mode of oscillation can also occur at 2.7 seconds for the smallest sized pools. The second and
third estimates (5.5, 2.7 seconds) match the approximate calculation from the video recordings in
Figure 8 and therefore we can safely assume the sizes of the swimming pools are about half the
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size of an Olympic swimming pool (25m x 12.5) or smaller. Videos suggest the mode of
oscillation to be primary (rising on one side and fall on the other) in most cases.

T=2INgD N=1,2,3,....(1)

3.2 SEICHING HISTORY IN THE EASTERN MEDITERRANEAN (GREECE, TURKEY
AND CYPRUS)

Information about seismic seiching in Greece, Turkey, or Cyprus may be found in national,
regional or international databases for tsunamis — for example, the NOAA National Centers for
Environmental Information (NCEI; Global Tsunami Database (previously NGDC) and regional
earthquake catalogs, which discuss historical records with respect to earthquakes and tsunamis
(e.g., Papazachos & Papazachou, 2003; etc.). More specifically if Turkey, Greece, and Cyprus are
selected as the region of interest in NCEI, only 4 events are included as events with seiche
observations (1 from Turkey and 3 from Greece) as seen below:

Table 4. Seiche observations in the eastern Mediterranean (Greece, Turkey) from the NEIC
database

Eart
Even | Caus | hqua
t e ke Cou | Loca | Latit L.O n
Year |Mo | Dy | Hr Mn Vali | Cod | Mag ntry | tion | ude gitud
dity e nitud ¢
e
Gree Ionia
1636 | 9 30 18 30 0 1 72 ce n 38.1 /203
Sea
1810 2 16 0 1 0 1 Gree | Cret | 355 o5
ce e
Turk Mar
1857 | 9 17 22 0 0 1 Y mara 402 29
ey
Sea
1949 7 3 15 3 3 1 Gree | Chio  38.7 264
ce S 18 82

1979 5 15 6 59 0 1 56 Gree | Cret 345 244
ce e 3 37
Specifically, no data exists in the Global Tsunami Database concerning seiching in Cyprus;
furthermore, one event in Chios appears to be a seiche which was generated from a tsunami, and
one observation is from Turkey. Two more observations are listed from Greece (Table 4). It is
evident that seiching observations are a rarity in this region of the Eastern Mediterranean. To the
best of our knowledge, the observations from Turkey in Table 4 are unique or of very few
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documented seiches stemming from earthquake ground motions. The dataset which is presented in
Table 3 is therefore of particular significance as it is unique for both Cyprus and Turkey.

The observations listed in Table 3 are the only seismic seiches that — to the best of authors
knowledge — have ever been collected from Cyprus, making them especially valuable. Recorded
seismic seiches from Turkey and Greece are also very few, and the dataset presented from the
February 6 earthquake sequence appears to be the most extensive dataset about seismic seiches
from Greece, Turkey and Cyprus to have ever been collected.

4. COASTAL FLOODING

Following the February 6, 2023, earthquakes, Iskenderun in the Hatay province was flooded. Iskenderun in
the bay of Alexandretta is a coastal low-lying city in Southern Turkey (Demirkesen, 2012). Eyewitness
accounts show a flow depth of knee-equivalent (~ a ft or 0.3 m,refs) for the flooding that occurred in the
coastal areas of Iskenderun (Figure 9). Using eyewitness accounts, field survey results from
reconnaissance reports (e.g., Figure 9, (Lekkas, et al., 2023)), we have delineated the approximate extent of
flooding (230 sq km; Figure 10).

Figure 9. Photographs of the extent of the flooding from Armenia News (upper left). Trend News
Agency (upper right), and Reuters (bottom)
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Figure 10. View of the flooded area (approximate extent) in red color in Iskenderun looking SSE,
superimposed on a DTM. Extent of flooding was estimated from processed satellite imagery,
eyewitness accounts, and reconnaissance reports to the EMSC (e.g. Lekkas et al. 2023)

For a more precise inundation map, we used Landsat 8 and Sentinel 2 data. The satellite
images used here were taken before and after the main M7.8 event as close to the date of the
earthquake as possible (Sentinel 2 images: 01/25/2023 and 02/09/2023; Landsat 8 images:
02/05/2023 and 02/06/2023). A true color composite of the Bay of Alexandretta post-earthquake

(02/09/2023) is shown in Figure 11.

Figure 11. True Color Composite of the Bay of Alexandretta from the o of February 2023 using
Sentinel 2 B-G-R bands. Red box shows Iskenderun. Flooded area was primarily on the SSW side
within the box.
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Because the extent of flooding is quite small (~230 sq km), we employed several different
methods to capture the extent of inundation. A small extent of flooding may be difficult to capture
from the processing of images of moderate resolution as is the case with Landsat 8 (30m).
Specifically, true and false color composites and 2 different water indices were employed for this
purpose. Landsat 8 bands 3 and 5 (30m resolution) were used in addition to Sentinel 2 Green and
NIR bands (bands 3 and 8 respectively; 10m resolution).

NDWI (Normalized Difference Water Index) was used to delineate the extent of flooding
observed after the earthquakes of 02/06/2023. The NDWI method is commonly used for
delineating and monitoring content changes in surface water. NDWI formula is defined as
follows:

NDWI= Green— NIRGreen+NIR (2)

The following values were used as a guide to interpret results: 0,2 - 1 for water surface, 0.0 -
0.2 for flooding/humidity, -0.3-0.0 for moderate drought/non-aqueous surfaces, -1 - - 0.3,
Drought/non-aqueous surfaces.

Using Landsat 8 images of the bay of Alexandretta captured on the 5th and 6th of February
2023, we see in Figure 12 prominent water presence on the date of the Kahramanmaras
earthquake (green color). More specifically, prior to the earthquake sequence of February 6, 2023,
NDWI shows a general drought in the area (orange shades) and a very low water content on the
ground. The next day, the index shows a large presence of water content throughout the classified
image, and around the area that corresponds to Figure 10 (see red arrow pointing to green strip
along the coast on Figure 12). Note that some of the water content in Figure 12 (green) is related
to the snow that appears on Figure 11 and other causes.

Landsat 8-9 Date 02-05-2023 Landsat 8-9 Date 02-06-2023

Iskenderun Iskenderun

aw - var

Figure 12. Before and after NDWI for Iskenderun and neighboring areas. Red dot shows central
point location of flooding observed after the M7.8 February 6, 2023 earthquakes.
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5. DISCUSSION/CONCLUSIONS

The coastal effects associated with the twin earthquakes of February 6, 2023Kahramanmaras
Turkey earthquakes have been presented. Tsunami recordings from public portals i.e. IOC-
UNESCO, were detided and fourier spectra of their frequency content were estimated. A clear
tsunami signal was recorded only in a small subset of operating tide gauge stations including
some in Cyprus. The best records were those closest to the Bay of Alexandretta. The tsunami
records are rather interesting because of the location of the earthquake and its focal mechanism.
Subsidence and liquefaction observed in Iskenderun likely have contributed to the flooding
observed in the area but the degree each of these factors has played in the flooding is difficult to
estimate.

A unique and one-of-a-kind dataset of seiche observations collected from Turkey and Cyprus
have also been documented. The seiche observations collected after the February 6, 2023 events
are especially valuable for many reasons:

* The dataset is the largest set of seiche observations that authors are aware of for the eastern
Mediterranean region.

+ Seismic seiche observations from Cyprus are the only ones that authors are aware of to have
been documented.

» Seismic seiches are associated with multiple events from the February 6, 2023 earthquake
sequence.

* A relatively large set of seismic seiches collected may allow for spatial analysis.

» Seiches may be associated with locations of liquefaction and vice versa which could further
help hazard studies of past of future earthquakes of significance.

Satellite imagery from before and after the main event of February 6, 2023, from Landsat 8
and Sentinel were processed to help in delineating flood extent from the Kahramanmaras
earthquakes. Specifically, Landsat 8 in combination with eyewitness accounts from media (e.g.,
newspapers, online), reports to the EMSC (Lekkas et al., 2023) were used to delineate the extent
of flooding caused by the main M7.8 02/06/2023 event. The extent of flooding was estimated to
about 230 sq km which is small and presented challenges in its exact estimation from open-source
satellite imagery of moderate resolution (10-30m). Eyewitness accounts, videos and images
collected from online media which were geolocated helped to delineate the extent of flooding.
The causes of flooding have not been investigated in this study but likely are attributed to more
than one factor such as subsidence, tsunami and liquefaction.
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ABSTRACT

The need to review the impact of tsunamis on the island of Bali and Indonesia as a whole is real
and warranted. There are in excess 17,500 island, 275million people and multiple Tsunami
sources. The last comprehensive assessment of tsunami risk and hazard for parts of Bali and
Padang was completed in 2010 with data since identified as unsuitable in accuracy. Several
problems are identified to improve tsunami hazard mapping in Indonesia, such as the role of input
data accuracy consistency and density of data, a better description of hazard, and the sensitivity of
hazard to input data quality. The research objectives include reviewing multiple data sets,
undertaking tsunami impact modeling, and developing a data quality metric. Further there is
consideration of a future framework approach to enable a nationwide roll-out of modelling on the
basis the metric identifying the availability of improved quality of data. Strongly related to this is
the ongoing development and review of the Indonesian BATNAS and DEMNAS data. It is
recommended that version metadata be developed for the evolving data sets in time. Noting that
ongoing improvement in this data is a strong candidate to trigger the need to update Tsunami
Modelling and Mapping in Indonesia, either as a whole, or in specific areas as it becomes
available.

Keywords: Tsunami, hazard, models, data, quality, accuracy, DEMNAS, BATNAS, ANUGA
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1. INTRODUCTION

Indonesia is the worlds largest archipelago with over 17,500 islands (see in Figure 1 which
is the 14" largest country in the world covering 1,904,569 square kilometres with 275 million
people. Making it the 4™ most populous country. It is one of the most tectonic seismically active
countries in the world where the Indo-Australian Plate and the Pacific Plate and many sub-plates
are interacting with the Eurasian plate. The 2004 Indian Ocean earthquake and 2006 Yogyakarta
earthquake were two events triggering tsunami. In 2019, 15.4 million tourist visited Indonesian
contributing around US$9.8 billion to GDP in 2020 making an interruption due to tsunami
potentially very expensive to the entire community.

From this statement it is clear that Indonesia has significant complexity related to Tsunami
impact not shared by any other nation. It has a huge number of islands (largest archipeligo in the
world), a very large population, strong contribution to its economy through tourism, and sits on
one of the most seismically active zones in the world. The length of coastline is estimated to be
around 108,000km (second longest in the world) . The 2004 Tsunami and the
2011 Fukashima Tsunami have led to a focused, global research effort on Tsunami’s and their
impact, this thesis will add to this in a number of ways.

The last comprehensive assessment of Tsunami Risk and hazard undertaken at least for

arts of Bali and Padang was conducted in 2009/2010 through GITEWS
h. “Tsunami Hazard Maps for Bali” incorporating;

- ‘Multi-scenario Tsunami Hazard Maps for Bali, 1:100,000°, and

- ‘Multi-scenario Tsunami Hazard Maps for Southern Bali, 1:25,000°,

with zoning based on wave height at coast (in line with the InaTEWS warning levels).
This work was completed using Mike21 and coarse STRM (30m cell) data. This data is known to
be relatively poor . The earlier work , relied on models
using a 100m grid cell using STRM and ASTER terrain data. Of some concern is the ongoing
reliance and use by third parties on this mapping product to drive Disaster
preparedness. Other attempts to model portions of Indonesia exist but are not comprehensive.

Figure 11. Indonesia Archipelago and Location of Bali
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Other attempts to model portions of Indonesia exist but are not comprehensive. (Prerna
etal, 2014) undertook tsunami analysis of the Andaman Islands using the STRM data set.

(Fatmawati etal., 2019) undertook run up assessments on a portion of the southern coast of
Bali, but it is unknown what terrain data was used for this exercise. (Valentra Etal, 2022)
undertook a tsunami impact analysis using higher resolution data in the Lombok Strait. In regard
to the inclusion of Buildings research has shown a very real impact on flow behavior and resulting
hazard (Murray etal., 2021).

In relation to input data accuracy, (Griffin etal., 2015) provide an assessment for the
Tsunami Impact on Padang. However, the notion of a framework to control and assess the
accuracy of the input is not directly discussed. It is however significant and relevant to note their
findings and conclusions paraphrasing here:

“The results presented in this paper clearly demonstrate that the present generation of
freely available global DEMs (i.e., ASTER and SRTM90) are not sufficiently accurate to simulate
tsunami inundation with confidence.

Tsunami inundation models developed using DEMs that are currently freely available at a
global scale (i.e., ASTER and SRTM) have the potential to dangerously underestimate the
inundation extent. These datasets should not be used to assess tsunami inundation zones using
hydrodynamic models.”

Finally, globally the methods to describe a hazard from Tsunami or indeed any flowing
water has not evolved from initial concepts developed in the 1970’s. Whilst technology to provide
analysis has improved such that there are now numerous tools that provide highly accurate
simulation capacity, the core method to define the resulting hazard has remained unchanged and
not open to new inputs from the new analysis methods. Hazard has and is defined primarily on
momentum or the Velocity times Depth product. Although several researchers have tried to show
methods of plausibly improving this (Trieste, 1988) , (VanDrie, 2008) to date no alternate
methods are widely adopted beyond the original 1970°s formulation of hazard. This work will
touch on approaches to hazard, and the notion of using a framework to enable a systematic and
consistent approach to model input assessment, model setup and production of output for

mapping.

2. METHODS

The framework of thinking in this study is based on the notion that the accuracy of results from
models is directly impacted by the accuracy and quality of input data. The old saying; “Rubbish-
In, Rubbish-Out” is very true. However, the objective is to try to gain a metric, a notion of
measurement of data accuracy and the influence on resulting output. This requires assessment of
input data sets, running of multiple models over the same area utilizing each of the data sets and
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finally reviewing results and the variation in results as a result of only input data differences.
Refer to Figure 2 for an outline of the method and approach.

The research concept in this work is to acquire multiple data sets for two project sites. One set
of multiple data sources for Ocean Floor bathymetry, one set of above Ocean terrain data. The
data sets will be ranked in accuracy based on how the data has been collected. A physically
measured (surveyed) data set will be deemed most accurate. For bathymetry single beam sonar is
deemed most accurate on the basis that it has been manually acquired. The survey and sonar will
become the point of truth data for comparisons. For the additional data sets, a comparison will be
undertaken to identify how much error is in the data compared to the point of truth data. The
approach here is to utilize two sites with multiple data sets that describe the terrain and
bathymetry at various levels of accuracy. Based on the different data sets a tsunami model will be
run for each combination of terrain+bathymetry.

The resulting inundation and hazard characteristics on the shore attacked by the tsunami will
be compared for each of the models. The comparison of model results from the bathymetric data
sets will provide an indication of the sensitivity of hazard based on the drowned terrain changes.
The comparison of the dry terrain results for each of the bathymetric data sets, will indicate that a
change in offshore data influence the on land hazard. Similarly the comparison of the multiple dry
terrain data sets, keeping the bathymetry static will indicate the sensitivity of hazard definition of
only the terrain change. The initial steps involve gathering the data sets. There are two distinct
different types of data, point data, and surface data (grid). As such a comparison must be based on
values located precisely at the points as well as over the 2 dimensional extent of the surfaces
created by the points, when compared to the grid data sets.

Vol. 42 No 3, page 276 (2023)



Start |
/'S
Study and review of literature

Data collection
Various Sources: Web Sites A
etc. GEBCO, BATNAS,
DEMNAS,FABDEM,
SENTINEL-2, SONAR,
SURVEY

A | 4
Define the Problem and Research Objectives

Look into what influence Data has over Results of Analysis

<4
v A
Review Data & Prepare Research Possible Data
comparison analysis Metrics

For Site 1 & 2 identify Gauge Locations for Time
Series Extraction
Prepare Input Data Metrics

Using Global Mapper and Python complete
comparison of various data sets:
R-squared, RMSE, MAE, MBE etc.

A >

Set up Required Tsunami Models
Using ANUGA HYDRO set up Models for each of the Data Combinations for the 2 Sites:
Site 1; 4 Models, Site 2; 3 Models + 2 Refined Models

v
RUN ALL Required Tsunami Models

ANUGA output in SWW files can be viewed in Animate software
QGIS: Plot results and view images, extract time series

v
Extract all results and prepare ANALYSIS
For Efficiency use PYTHON to code data extraction methods for Time Series
EXTRACT TIME SERIES
For Site1; 10 Gauge locations and 4 models Extract Time series data
For Site2; 11 Gauge locations and 3 models Extract Time series data
For Site2; 11 Gauge locations and 2 Refined models Extract Time series data

v

Prepare RESULTS METRICS

VOLUME COMPARISON, RMSE, R-Sqrd, MAE,MBE, Difference Plots

v

FINALISE REPORT

Draw Conclusions
Make Recommendations

Figure 12. Process Steps

Vol. 42 No 3, page 277 (2023)



The completion of the input data analysis will attempt to identify a “Quality Metric”. From each
of the Terrain and Bathymetric data set combinations, a Tsunami Model will be set up apply the
exact boundary conditions, such that the only variance in the model is the terrain component of
either Bathymetric data or Terrain data. Once the models have all been run results will be
extracted at a nominated number of GAUGE locations. The results will include the full time series
of the analysis.

ANUGA HYDRO (Zoppou, Roberts, 1999), (Nielsen, Roberts, 2005) is used to model the
inundation resulting from a large tsunami wave as it has been shown to replicate extreme flows
very well (Mungkasi, van Drie, Roberts, 2013), (Wuppukondur, Baldock, 2020). The focus is not
on the details of the type of wave, or replicating a certain event. Instead a simple 10m increase in
water height is applied at the boundary which will drive the model to resolve flow characteristics.
The focus again is to account for input data difference in the resulting description of hazard.
ANUGA has been selected for this task for a number of reasons:

- It uses a flexibly sized triangular mesh (making it easy to produce high levels of detail only
where required) (Schlurmann, Kongko, Goseberg, Natawidjaja, Sieh, 2010), which may be
automated (Wright, Passalacqua, Simard, Jones, 2022)

- It is extremely stable in the most extreme flow conditions

- It is proven to be a very good model to replicate tsunami inundation

- It is not highly (or overly) sensitive to changes in surface roughness (Cardenas, Catalan, 2022),
(Van Drie, Milevski, Simon,2011).

- It has a number of very useful built-in functions to make extraction of results very easy

- Can run in Parallel (Roberts, Stals, Nielsen, 2007)

The measure of difference can be achieved in a number of ways:

- The elevation at each point directly compared

- The differences measured based on the surfaces created or available

- Using statistical functions such as RMSE, MAE, MBE etc.

The analysis to be undertaken is on the inundation data sets from the ANUGA HYDRO
Models described. The data sets include water level (Stage), momentum of the moving water, bed
Shear, Depth, Velocity, and Froude number. Note that, Tsunami really are or become debris flows
(Synolakis, Bernard; 2006) and this may be a future trigger to re-model when models can be
adequately be adapted to account for debris flows. Models may often contain errors (VanDrie,
Ghetti, Milevski, 2018) which may also trigger the need for re-modelling.

The focus of this work is in understanding the influence of data quality (Schlurmann etal.,
2010) or of error in input data, on the outcome of error in the results of a model to predict hazard.
It is usual to take several ERROR METRICS or Key Performance Indicators (KPI’s) into account
in order to assess findings. Measuring forecast accuracy (or error) is not an easy task as there is no
one-size-fits-all indicator. Only experimentation will show you what Key Performance Indicator
(KPI) is best. The first distinction required is the difference between the precision of a forecast
and its bias. Bias represents the historical average error. That is, will forecasts be, on average, too
high or too low. This will give you the overall direction of the error. Precision measures how
much spread is between the forecast and the actual value. The precision of a forecast gives an idea
of the magnitude of the errors but not their overall direction. Ideally a model has both, is precise
and is unbiased.
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Forecast KPI or Error. Error simply put is the difference in a forecast and known target.
Note that if the forecast overshoots the target with this definition, the error will be positive. If the
forecast undershoots the demand, then the error will be negative. The bias is defined as the
average error: - As a positive error on one item can offset a negative error on another item, a
forecast model can achieve very low bias and not be precise at the same time. Obviously, the bias
alone won’t be enough to evaluate the forecast precision. But a highly biased forecast is already
an indication that something is wrong in the model. The Mean Absolute Percentage Error
(MAPE) is one of the most commonly used KPIs to measure forecast accuracy. MAPE is the sum
of the individual absolute errors divided by the target value(s). It is the average of the percentage
errors. MAPE is not a good forecast KPI as it is a poor-accuracy indicator. MAPE divides each
error individually by the target, so it is skewed: high errors during low-target (numbers) will
significantly impact MAPE.

Due to this, optimizing MAPE will result in a strange forecast that will most likely undershoot
the target. The Mean Absolute Error (MAE) is a very good KPI to measure forecast accuracy. As
the name implies, it is the mean of the absolute error. One of the first issues of this KPI is that it is
not scaled to the average target value. If MAE is 10 for a particular item, you cannot know if this
is good or bad. If your average target is 1000, it is, of course, astonishing. Still, if the average
demand is 1, this is a very poor accuracy. To solve this, it is common to dividle MAE by the
average target to get a %. The Root Mean Squared Error (RMSE) is a strange KPI but a very
helpful one, as we will discuss later. It is defined as the square root of the average squared error.

Actually, many algorithms (especially for machine learning) are based on the Mean Squared
Error (MSE), which is directly related to RMSE. Many algorithms use MSE as it is faster to
compute and easier to manipulate than RMSE. But it is not scaled to the original error (as the
error is squared), resulting in a KPI that cannot be related to the original target scale. Therefore, it
should not be used it to evaluate statistical forecast models.

On the question of error weighting:

Compared to MAE, RMSE does not treat each error the same. It gives more importance to the
most significant errors. That means that one big error is enough to get a very bad RMSE. RMSE
emphasizes the most significant errors, whereas MAE gives the same importance to each error.
Generally a forecast of the median will get a good MAE and a forecast of the mean a good
RMSE. MAPE promotes a very low forecast as it allocates a high weight to forecast errors when
the target (numbers) is low. Optimization of RMSE will seek to be correct on average. In contrast,
MAE's optimization will try to be as often overshooting the demand as undershooting the target,
which means focusing on the target median. Understanding that a significant difference lies in the
mathematical roots of MAE & RMSE is key. One aims at the median, the second aims at the
average. The Root Mean Squared Error (RMSE) is one of the two main performance indicators
for a regression model. It measures the average difference between values predicted by a model
and the actual values. It provides an estimation of how well the model is able to predict the target
value (accuracy). Mean Absolute Error (MAE) is one of the most commonly used loss functions
for regression problems, MAE helps users to formulate learning problems into optimization
problems. It also serves as an easy-to-understand quantifiable measurement of errors for
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regression problems. In MAE, different errors are not weighted more or less, but the scores
increase linearly with the increase in errors. The MAE score is measured as the average of the
absolute error values. The Absolute is a mathematical function that makes a number positive.
Mean Bias Error (MBE) is primarily used to estimate the average bias in the model and to decide
if any steps need to be taken to correct the model bias. Mean Bias Error (MBE) captures the
average bias (+ve or -ve) in the prediction. R* is the coefficient of determination, and is a measure
that provides information about the goodness of fit of a model. In the context of regression it is a
statistical measure of how well the regression line approximates the actual data. This can be used
to compare data sets given we know that if the elevations were identical in two models the results
would also be. In this work the focus in understanding error utilizing: { R%, RMSE, MAE and
MBE }

3. RESULTS AND DISCUSSION

3A. Site Locations and Input Data

The locations (see in Figure 3) were selected purely on the basis of multiple data sets being

available for either topography (terrain) or bathymetry as follows:

Site 1, is at Keramas, where there is Sonar data available, GEBCO, BATNAS and Sentinel-2 data.
Four data sets in total. Site 2, is at Nyanyi, where there is ground survey points are available
and FABDEM and DEMNAS data. Three data sets in total.

yrongsorejo

Singaraja

Banyuwhngi

Muncar
Karangasem

Figure 13. Location of Research Sites

For site 1 the point of truth data is assumed to be the measured SONAR data. This will
be compared to the other available data sets being; GEBCO, BATNAS and Sentinel-2. The
SONAR data has been filtered to below zero (Figure 4) only and contained within a manageable
polygon. There are 2,211 points over an area of 715,525m?, providing roughly a data density of 1
point per 323.62m”. Or on average, a data point every 18m in x and y. This data can be used to
create a DEM as a surface.
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Histogram: for SONAR DATA:
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Figure 14. Site | SONAR data points Figure 15. Site | SONAR (S) pts

Now that the SONAR data is both a DEM (Figure 6) and a histogram (Figure 5) of point values a
comparison can be made of the data differences. This can be achieved both by reviewing the
DEMS of the data surfaces and by reviewing the histograms of point elevation values. For the
GEBCO data the elevation from the DEM surface is extracted at the same SONAR data points
with now the ability to plot the histogram and then compare the differences. The same process can
be completed for any other data set.

O0m  15m  20m  5m  S0m  65m|

Figure 16. Site 1 SONAR (S) as DEM surface
Extracting the data from GEBCO (Figure 7 & 8) at the same data points provides a method of
comparison as does the difference in the DEM as surfaces. Subtracting one surface from another

surface provides the difference over the full extent of data change.
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Histogram: for GEBCO DATA:
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Figure 17. Site 1 GEBCO DATA (G-data) Figure 18. Site 1 GEBCO Histogram

Subtracting the point elevation values (SONAR minus GEBCO) provides a comparison
histogram (Figure 9). Similar subtracting the surface DEMS (Figure 10) provides a spatial view of
difference.

Difference Histogram: SONAR minus GEBCO

2318 Avesve: 000 Aveve: 631
0,000, . MAE: 6,157 MBE: 6157

'DATA SUMMARY: Toal Volume:
: Vol 0.000, Pts

-

1 5
Difernce nBevation Valoe at Data Point

Figure 19. Site 1 Difference Histogram Figure 20. Site 1 DEM Difference
(S minus G) (S minus G)

Similarly with the BATNAS data the data can be extracted at the sonar points (Figure 11 &
12) and compared to the DEM surface. The comparison of surfaces provides a very visually rich
comparison. The comparison of the points as a histogram provides a more specific approach to
comparison (Figure 13 & 14).
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Histogram: for BATNAS DATA:
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Figure 21. Site | BATNAS DATA (B-data) Figure 22. Site | BATNAS Histogram

Difference Histogram: SONAR minus BATNAS :
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Metricst/):Vol-0.393, i 0.494, Diff 0.797 - Percentages: +ve 6.8 ve 17,3 TOT: 241 RMSE: 2951 WAE: 2.275 MBE. 0,814
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Figure 23. Site 1 Difference Histogram Figure 24. Site 1| DEM Difference
(S minus B) (S minus B)

The final data set available is from Sentinel-2 as follows (Figure 15 & 16);

Histogram: for Sentinel 2 DATA:

2318 Range: -19.120m: 4583 567m Tota Volume: 22960.687m3 {+Vol: 36.648m3, ol

210

10 -5
Elevation Ve of Pt Data

Figure 25. Site 1Sentinel-2 DATA (S2-data) Figure 26. Site 1 S2 Histogram
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Once again comparing to SONAR as points and as a DEM surface (Figure 17 & 18).

Difference Histogram: SONAR minus Sentinel 2

'DATA SUMMARY:Total Volume: 5912.659m3 { +Vol 2824.753m3, o: -3087.906m3} +vePts: 1126:.vePts: 1192 Ave tve: 2,51 : Ave-ve:
Merics(+/-): Vol 0.915, Pts 0.945, Dff .96 : Percentages: +ve 12.5-ve -13.7 TOT: 26.2 RMSE: 3,055 MAE: 2,544 MBE: 0.108

o

Figure 27. Site 1 Difference Histogram
(S minus S2)

259

Om  Sm Mm  Mm S0m  6m

Figure 28. Site 1 DEM Difference
(S minus S2)

Another approach to determining an overall difference is to compare how the surface volumes
compare. For example, what is the volume contained above each of the surfaces to a specified
elevation? This is relatively easy to determine and provides yet another visually rich approach to

comparing differences (Figure 19).

The same approach has been applied to site 2 and its available data sets.

3B. Input Data Metrics

Looking at the input data comparing to the point of truth data for Site 1, overall the BATNAS
DATA best replicates it based on 2318 points analysis. The Points Volume Metric of 24.1% and
RMSE of 2.951. However, based on MBE of -0.108 the SENTINEL-2 DATA is preferred. On the
basis of the 3D surface volume analysis its suggests BATNAS the best overall candidate with
SENTINEL-2 preferred for very shallow water (< Sm depth).

VOLUME of WATER over SEA BED

—— GEBCO DATA
57 —— BATNAS DATA
—— SENTINEL-2

04 — SONAR

-5

Elevation (m)

i

0.0

0.2 0.4 0.6

Volume (m3)

0.8 1.0 12

Figure 29. Comparison of water volume over sea bed surface Site 1
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For Site 2, the Points Volume Metric suggest DEMNAS at 15.9%., which also coincides with
the MBE of -1.104. The RMSE of 3.026 and MAE of 2.173 prefers the FABDEM data set.
Reviewing the terrain based on 3D surface volume identifies the DEMNAS DATA as the best
candidate to replicate the SURVEY.

3C. Tsunami Models

The ANUGA HYDRO MODEL has been set up and run for all of the scenarios described (Figure
20 & 21). The ANUGA HYDRO model produces a single output file (*.SWW) which contains
the full time history of conserved quantities (Elevation, Stage, Momentum X and Momentum Y).
As it is a finite volume model velocity is not a conserved quantity in the model.

Velocity is derived from Momentum as {V = M/Depth}, where;
M = Sqrt (MomX x MomX + MomY x MomY)
Depth is Stage(Water Elevation) minus Bed Elevation.
This is important as in some model applications such as erosion the elevation can change. For all
models since the focus is on the influence of terrain data change, the adopted values of surface
roughness are not considered particularly important. For all model runs Manning’s N is set at
0.035.

Site 1 has four (4) models with only Bathymetric data being changed between models. The
mesh for all models was set at (10x10m) {100m2} cells.

Site 2 has three (3) models with only the terrain data being changed between models.
In addition a further model was set up to test the sensitivity of results to the mesh refinement. The
mesh for all models was set at (10x10m) {100m2} cells, except for the refined models which used
(5x5m) {25m2}. The Models have been run for 1 hour (3600 seconds in the models).

In addition any surface can be extracted and viewed in QGIS, or exported to any other GIS
platform. Further for any location within the models it is possible to extract the conserved
quantities and from those derive many other quantities such as:

- Depth

- Velocity

- bed Shear (VxVxD)

- Froude

- Specific Energy (VxV/2g)
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Figure 30. Site 1 Tsunami Model Extent Figure 31. Site 2 Tsunami Model Extent

Data is to be extracted at Gauge locations for each site as indicated in (Figure 22 & 23).

Figure 32. Site 1 Gauge Locations Figure 33. Site 2 Gauge Locations

The models were run as described and data extracted as both time series and as a surface of
maximum momentum (Hazard). For Site 1 the four models (Figure 24-27) produce the maximum

momentum plots as shown and these can be used to look into the difference of hazard resulting
from the difference in input data for each of the models.
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Figure 34. Max Hazard Sonar Figure 35. Max Hazard GEBCO

Visually the Gebco model is immediately different. The BATNAS and Sentinel based models
are far more similar to the SONAR model, but clearly not identical.

Figure 36. Max Hazard BATNAS Figure 37. Max Hazard Sentinel

The differences (Figure 28) in the model results can be visually indicated by creating a
difference plot of results of each of the models compared to the SONAR model results.
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Difference Sonar-Gebco Difference Sonar-Batnas Difference Sonar-Sent
Figure 38. Comparison of Max Hazard Differences for Site 1 models

To drill into more detail time series at the gauge points will be explored further.
The Hazard is defined from Velocity times Depth (Momentum).
The maximum hazard can therefore be plotted spatially for each of the models as for site 1.

For Site 2 the following plots show the maximum momentum (Hazard) for the 3 models (Figure
29-31) run and the difference plots again indicate the resulting variations only as a result of
changing the input terrain data.

o

Figure 39. Max Hazard Figure 40. Max Hazard  Figure 41. Max Hazard
Survey Demnas Fabdem

Once again the very obvious difference (Figure 32) here is the Fabdem data set results. Looking at
the difference between model results also identifies the extent of differences.

Difference Survey-Demnas Difference Survey-Fabdem
Figure 42. Comparison of Max Hazard Differences for Site 2 models
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Once again further details can be extracted from time series behaviour over the entire
simulation.

3D. Extracting and comparing Time Series Data

For site 1 there are 10 locations where gauge data has been extracted the following time series
plots are an example of those extracted (Figure 33). Site 2 has similar plots for all its gauge
points.

Figure 43. Time Series 4 models at Site 1: Location JI Pantai Keramas End

The difference plots show the variation between the point of truth model (SONAR) compared to
the other data models (GEBCO, BATNAS, SENTINEL). Hence, for Site 1 at each location there
are three (3) difference plots (Figure 33-36) . The difference plots statistics have also been
accumulated and will be presented here as a form of summary and to draw conclusions. A
critically important aspect to be aware of in the nature of tsunami analysis is that of the reflective
wave, or the retreating wave on land. The difference at times can be more pronounced in the
retreating phase than in the initial wave attack. This is clear in the example shown in the
following figures.
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Figure 44. Site 1 Location J1. Pantai Keramas End Difference SONAR minus GEBCO
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Figure 45. Site 1 Location J1. Pantai Keramas End Difference SONAR minus BATNAS
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Figure 46. Site 1 Location Jl. Pantai Keramas End Difference SONAR minus SENTINEL
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For the 10 Gauge Locations in 3 comparison models at Site 1 the R-squared terms show that
for the Bathymetric data changes (only) the impact the surface water elevation (Stage) the least in
the SENTINEL model compared to the point of truth SONAR model. Similarly Momentum is
best replicated in the SENTINEL model when compared to the point of truth SONAR model. For
Bed Shear and a newly considered hazard measure based on pressure, the BATNAS model best
replicates the point of truth SONAR model.

For the 11 Gauge Locations in 2 comparison models at Site 2 the R-squared terms show that
for the terrain changes (only) the impact on all terms, (Stage, Total Momentum, Bed Shear and
the Pressure Hazard term considered), the best model to replicate the point of truth SURVEY
model is the DEMNAS based model.

SITE 1: SITE 2: Mesh 100
SONAR - GEBCO SURVEY - FABDEM
Stage 0.9084336 Stage 0.9999042
TotM 0.7677961 TotM 0.9988720
BedShear 0.7769386 BedShear 0.9992434
NewHaz 0.8781592 NewHaz 0.9992782
SONAR - BATNAS SURVEY - DEMNAS
Stage 0.9987725 Stage 0.9999943
TotM 0.9922413 TotM 0.9999616
BedShear 0.9727753 BedShear 0.9999540
NewHaz 0.9908819 NewHaz 0.9999559
SONAR - SENTINEL-2 SITE 2: Mesh 25 (Refined)
Stage 0.9996891 SURVEY - DEMNAS Runl
TotM 0.9926519 SURVEY - DEMNAS Run2
BedShear 0.9726684 Stage 0.9999854
NewHaz 0.9818269 TotM 0.9999705
BedShear 0.9999627
NewHaz 0.9999642

Table 1 R-Squared Terms for Site 1 and Site 2
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The other METRICS considered for the OUTPUT results included RMSE, MAE and MBE
as follows:

SITE 1: COMMENTS:
Demnas_Batnas_Sonar_Wave_10_p25 - Demnas_Gebco_Wave_5_p25  gjte 1. Bathymetric Data Change
Stage RMSE: 2.197 MAE: 1.629 MBE: 0.368 . .
TotM RMSE: 12.728 MAE: 8.935 MBE: 4.213 In running multiple models and
BedShear RMSE: 35.566 MAE: 20.897 MBE: -0.060 only adjusting the Bathymetric data
NewHaz RMSE: 91.825 MAE: 83.827 MBE: 83.343 it was found that the Closest
estimate to the SONAR data was as
Demnas_Batnas_Sonar_Wave_10_p25 - Demnas_Batnas_Wave_10_p25 4 1eqult of the Sentinel-2 DATA

Stage RMSE: 0.252 MAE: 0.132 MBE: 0.053 .
TotM RMSE: 3.257 MAE: 2.171 MBE: 1.920 with RMSE result for Stage, Total

BedShear RMSE: 12.381 MAE: 4.442 MBE: -1.237 Momentum (VxD) and a New
NewHaz RMSE: 44.880 MAE: 43.628 MBE: 43.628 Hazard Term. However, the best
RMSE result for BedShear was the
Demnas_Batnas_Sonar Wave 10 p25 - BATNAS data.

Demnas_Batnas_Sent2_Wave_10_p25
Stage RMSE: 0.127 MAE: 0.059 MBE: 0.017 .
TotM RMSE: 2.616 MAE: 1.385 MBE: 1.218 The same result was clear in the R-
BedShear RMSE: 18.781 MAE: 7.006 MBE: -4.363 squared term also.
NewHaz RMSE: 41.685 MAE: 40.994 MBE: 38.013
Table 2 OUTPUT METRICS for Site 1

SITE 2: COMMENTS:
BatNas DemNas_ SURV_Wave 10 p25 -
BatNas_FabDem_Wave_10_p25 Site 2: Terrain Data Change

Stage RMSE: 0.018 MAE: 0.006 MBE: 0.002
TotM RMSE: 2.571 MAE: 1.941 MBE: -1.160 . A
BedShear RMSE: 8.941 MAE: 6.103 MBE: -5.356 In running multiple models and
NewHaz RMSE: 8.888 MAE: 6.082 MBE: -5.332 only adjusting the terrain it was
found that the DEMNAS data

BatNas _DemNas_SURV_Wave_10_p25 - provided the closest estimate to

Batnas_Demnas_Wave_10_p25
Stage RMSE: 0.004 MAE: 0.002 MBE: 0.001 GROUND SURVEY for all terms
TotM RMSE: 0.426 MAE: 0.313 MBE: -0.097 likely to be related to hazard.
BedShear RMSE: 1.816 MAE: 1.177 MBE: -0.491 The same result was shown in the
NewHaz RMSE: 1.805 MAE: 1.164 MBE: -0.481 R-squared term

SITE 2: REFINED:
BatNas DemNas SURV_Wave 10 M25 -
Batnas_Demnas_Wave_10_M25
Stage RMSE: 0.007 MAE: 0.003 MBE: -0.000
TotM RMSE: 0.364 MAE: 0.187 MBE: 0.001
BedShear RMSE: 1.743 MAE: 0.843 MBE: -0.077
NewHaz RMSE: 1.741 MAE: 0.841 MBE: -0.077
Table 3 OUTPUT METRICS for Site 2

These results have been plotted in simple graphs showing the input metric change against the
output metric change, providing a measure of sensitivity (dy/dx). For site 1 input MBE the Output

MBE has a sensitivity is 0.5. For site 2 the sensitivity is 1.85 as shown (Figure 37-38).
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4. CONCLUSIONS

For this body of work the objective was to identify the influence of data quality on the resulting

determination of hazard for tsunami analysis. The conclusion clearly identifies better candidate

metrics for inputs and results that link input data quality to output data quality. The broader

objectives were to at least discuss the use of a framework, and to discuss how hazard is defined.
The following can be concluded:

The model topographic input data has a great influence on model results.

2. Input data quality has been shown to influence resulting outputs that define tsunami
hazard.
3. Input data can be systematically reviewed by the inclusion of data metrics to compare

data sets. The input metrics 3D surface volume , Points Volume Metric and Mean Bias
Error (MBE) appear to perform better than Root Mean Square Error in identifying
candidates for best input model DEMS.

a.  For Site 1 Identifying BATNAS as the best general candidate and SENTINEL-2
in the shallower water (<5m depth) to replicate the SONAR model. For
Bathymtric DATA, the model results compared from each of the models for the
sites suggests R-Squared performs well to identify a split between BATNAS and
SENTINEL-2 whilst RMSE, MAE and MBE select SENTINEL-2 for Stage, Total
Momentum, and the suggested new Pressure hazard term whilst identify
BATNAS to perform best for Bed Shear in replicating the point of truth SONAR
model.

b.  For Site 2 Identifying DEMNAS is the best general candidate to replicate the
SURVEY model as land based terrain. For Terrain DATA, the model results
compared from each of the models for the sites suggests R-Squared, RMSE, MAE
and MBE, each identified the DEMNAS model to perform best for Stage, Total
Momentum, Bed Shear and the suggested new Pressure hazard term in replicating
the point of truth SURVEY model.

4. It was shown that momentum (current approach to hazard) is sensitive to changes in
input data. Even though the extent of measure (range) was limited, the best consistent
metric was MBE as compare to RMSE and MAE.

5. The better spread of values from a Pressure based term may be a better candidate for
describing hazard compared to the current globally adopted Momentum based term. This
made measuring sensitivity more pronounced.

6. Through the extent of work undertaken in relation to the findings presented, it is likely
that a framework based approach would stream line many aspects of similar future
ventures in tsunami analysis.

In terms of real life adoption and application, the following can be suggested. The need to
update time consuming, expensive tsunami modelling requires a specific trigger. One
trigger being the availability of updated and improved data. The identification of the level
of improvement of new data sets can be estimated through the processes utilised in this
thesis, whereby an improvement metric in output can be estimated from the improvement
metric in input.
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